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This  report is a su rvey  of t he  e x t e n s i v e  industrial  experi- 
ence with f luo r ine  s i n c e  t h e  e a r l y  1940's and t h e  p ropu l s ion  expe r i ence  
u i t h  f l u o r i n e  or its d e r i v a t i v e s  wi th  v a r i o u s  f u e l s  s i n c e  t h e  late 
1950's. F l u o r i n e  is ex t r eme ly  r e a c t i v e  w i t h  v i r t u a l l y  a l l  o t h e r  e l emen t s ,  
which makes i t  a good o x i d i z e r  bu t  also means i t  is hazardous to handle .  
Hydrosen f l u o r i d e  results from the  immediate r e a c t i o n  of f l u o r i n e  u i t h  
atmospheric  moi s tu re  i n  t h e  even t  of a leak. 
s c r u p u l o u s l y  c l e a n  c o n t a i n e r s  and l i n e s ,  gaseous fluorice p a s s i v a t i o n ,  
d e t a i l e d  procedures ,  and a u t m a t i c  d e t e c t i o n  d e v i c e s  have led t o  success -  
f u l  ground testing during r e c e n t  yea r s .  These c u r r e n t l y  well-understood 
procedures  f u l f i l l  the  sai 'e ty  requirement  d u r i n g  gmud o p e r a t i o n s  f o r  
t h e  handl ing of f l w r i n a t e d  p ropu l s ion  systems, and similar p rccedures  
w i l l  be implemected for use on bard t h e  NASA Space T r a n s p o r t a t i o n  
System (commonly c a l l e d  the  S h u t t l e ) .  
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SECTION 1 
INTRODUCTION 
Th i s  report p r e s e n t s  t he  h i s t o r i c a l  expe r i ence  wi th  f l u o r i n e  
and its caupounds, the  c u r r e n t  s a f e t y  s t a t u s  fo r  ground testing, and a 
d e s c r i p t i o n  of how f l u o r i n e  payloads  w i l l  be s a f e l y  i n t e g r a t e d  i n t o  t he  
STS ( S h u t t l e  O r b i t e r )  through c a r e f u l  s e l e c t i o n  of materials and procedures .  
The NASA L e w i s  Research Center  first performed ear ly  promis ing  
f l u o r i n e  propuls ion  s t u d i e s  f o r  t h e  A i r  Force ,  and t h e  Jet P ropu l s ion  
Labora tory  soon began p r e c u r s o r  s t u d i e s  on f l u o r i n e  p ropu l s ion  systems.  
Many other  o r g a n i z a t i o n s  also began similar s t u d i e s  i n  the  sixties. 
The NASA barium salt upper a tmosphere experiment  was s u c c e s s f u l l y  flown 
i n  October 1970, marking the  first time t h a t  l i q u i d  f l u o r i n e  was used 
as an o x i d i z e r  i n  a space v e h i c l e .  
F luo r ine  is  r e a c t i v e  w i t h  v i r t u a l l y  a l l  materials and is  t o x i c  
A m u l t i t u d e  of tests have been made by  many 
f o r  humans. P a s t  usage of f l u o r i n e  has r e s u l t e d  i n  damaged equipment and 
a few e a r l y  s e r i o u s  i n j u r i e s .  
o r g a n i z a t i o n s ,  and a high degree of s a f e t y  i n  o p e r a t i o n  has 9een achieved  
i n  r e c e n t  yea r s .  Compatible mqterials, extreme c l e a n l i n e s s  of l i n e s  and 
components, and c a r e f u l  a t t e n t i o n  t o  handl ing  procedures  are prime 
requi rements  t o  prec lude  i n c i d e n t s .  
F l u o r i n e  with hydraz ine  as a f u e l  is a high-performance com- 
b i n a t i o n  for  l i q u i d  chemical p ropu l s ion  systems as compared w i t h  c u r r e n t  
s p a c e c r a f t  p ropuls ion  system p r o p e l l a n t  combinat ions.  The i n c r e a s e  i n  
performance permits  larger payloads  and/or  shorter t r i p  times. Fu tu re  
p o t e n t i a l  f l u o r i n a t e d  ( apace - s to rab le )  p ropu l s ion  mis s ions  i n c l u d e  
Venus Orbi t ing  Imaging Radar, Comet Rendezvous Miss ions ,  Mars Sample 
Return ,  Mars Advanced Mission (Rovers)  , S a t u r n  Orbi te r /Dual  Probe ( T i t a n )  , 
Mercury Orbi ter ,  Solar Probe, Jovian  Sa te l l i t e  Orbi ter ,  and Uranus 
Orbi ter .  
The s a f e t y  o f  f l u o r i n e  on board the  S h u t t l e  O r b i t e r  w i l l  
depend upon t h e  use o f  a containment  (nonleak)  d e s i g n ,  h igh -qua l i ty  
materials t y p i c a l l y  used i n  s p a c e c r a f t  , gaseous  f l u o r i ? e  p a s s i v a t i o n  , 
cryogenic  s t o r a g e ,  dedicated personnel  and t r a i n i n g ,  q u a l i t y  a s s u r a n c e  
s u p e r v i s i o n ,  and au tomat i c  d e t e c t i o n  and implementat ion d e v i c e s  such  a s  
those c u r r e n t l y  used i n  ground tests. With these procedures ,  there should  
b9 l i t .  i l a  d i f f e r e n c e  between handl ing  f l u o r i n e  and an  e a r t h - s t o r a b l e '  
p r o p e l l a n t  on board the  S h u t t l e  Orbi te r ,  e p e p t  t h e  need for  c ryogen ic  
c o n t r o l  o f  f l u o r i n e ;  t h i s  l a t t e r  except ion  is being addressed. Tests w i l l  
be r equ i r ed  t o  g a i n  conf idence  w i t h  f l u o r i n e ,  i n c l u d i n g  performance tests , 
thermal  v e r i f i c a t i o n ,  s t r u c t u r a l  dynamics, leak d e t e c t i o n ,  and an e a r l y  
experiment  on board t h e  S h u t t l e  Orbi ter .  
~ ~~~ ~ 
:See D e f i n i t i o n  of Terms and Abbrevia t ions  
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1.1 SUMMARY OF RESULTS 
Fluorine-hydrazine is t h e  most promising space - s to rab le  
p r o p e l l a n t  combination fc,. advanced p l a n e t a r y  s p a c e c r a f t  p ropuls ion  
systems,  and w i l l  p rovide  larger payloads and/or  s h o r t e r  miss ion  f l i g h t  
time advantages when compared with those  o f  e a r t h - s t o r a b l e  p r o p e l l a n t  
combinations.  There has been ex tens ive  exper ience  wi th  f l u o r i n e  i n  
v a r i o u s  forms, and many h i g h l y  s u c c e s s f u l  f l u o r i n e  p r o p e l l a n t  t e s t s  
have been conducted i n  r e c e n t  yea r s .  
F l u o r i n e  is  s t o r e d  as a l i q u i d  a t  c ryogenic  tempera tures  and 
is  h igh ly  r e a c t i v e .  A s p l a s h  of l i q u i d  o r  gaseous f l u o r i n e  on personnel  
is t o x i c  and can cause  burns.  Hydrogen-fluoride gas becomes the  pr imary 
p o l l u t a n t  when f l u o r i n e  reacts wi th  t he  mois ture  i n  t h e  a i r .  I n h a l a t i o n  
of h i g h  c o n c e n t r a t i o n s  o f  e i t he r  gaseous f l u o r i n e  o r  hydrcgen f l u o r i d e  can 
cause s e r i o u s  damage, whereas lower l e v e l s  f o r  s h o r t e r  pe r iods  2ause o n l y  
temporary i r r i t a t i o n .  Even weak c o n c e n t r a t i o n s  have a prominent odor  apd 
are e a s i l y  detected by t h e  nose,  s k i n ,  tongue, and eyes .  
A moni tor ing  device  should be con t inuous ly  o p e r a t i n g  i n  any 
area where f l u o r i n e  is i n  use, and automatic s h u t o f f  dev ices  which ac t i -  
v a t e  NaGH water sp rays  are a l s o  recommended. Personnel  i n  t h e  v i c i n i t y  
o f  f l u o r i n e  must be protected by complete s p l a s h  s u i t s ,  and b r e a t h i n g  
masks should be used t o  prevent  i n h a l a t i o n  o f  h i g h  c o n c e n t r a t i o n s  r J f  
t o x i c  gases. It i s  necessa ry  t ha t  personnel  working i n  hazsrdous areas 
be p r o p e r l y  t r a i n e d  i n  p r o t e c t i v e  measures and procedures .  S h u t t l e -  
based procedures  c o n s i s t e n t  w i th  good ground-based procedures  a l s o  
need t o  be developed. A primary requirement  w i l l  be t o  reduce t h e  
p o t e n t i a l  leak o f  f l u o r i n e  t o  an extreme minimum through proper  des ign  




2.1 DISCOVERY OF FLUORINE 
The element f l u o r i n e  is  r e l a t i v e l y  abundant ,  comprising 
approximate ly  0.65% o f  t h e  e a r t h ' s  crust. 
is combined i n  v a r i o u s  mine ra l  canpounds such as  f l u o r s p a r  ( f l u o r i t e ,  
CaF2), v i l l i a u m i t e  (NaF), or c r y o l i t e  (Na3AF6). 
and has been used f o r  c e n t u r i e s  t o  i n c r e a s e  t h e  f l u i d i t y  o f  melts and 
slags i n  the ceramic and glass i n d u s t r y .  (Hence, its name, f l u e r e :  
t o  f low.)  The first recorded d e s c r i p t i o n  of f l u o r s p a r  was made by 
George Bauer,  a German phys ic ian  and m i n e r a l o g i s t ,  i n  1529. Crude 
h y d r o f l u o r i c  acid probably was first produced by a n  unknown Engl i sh  
g lassworker  around 1720. Carl W. Scheele ,  t h e  Swedish chemist, created 
h y d r o f l u o r i c  acid i n  1771 by h e a t i n g  f l u o r s p a r  w i t h  concen t r a t ed  s u l f u r i c  
acid i n  a glass r e t o r t .  
clear t h a t  fu r the r  research was needed t o  de te rmine  materials s u i t a b l e  
f o r  handl ing  t h i s  h igh ly  r e a c t i v e  acid. 
Most o f  t he  a v a i l a b l e  f l u o r i n e  
F luo r spa r  is the  most abundant form o f  a f l u o r i n e  compound 
The c o r r o s i o n  s u f f e r e d  by t h e  r e t o r t  made i t  
Anhydrous h y d r o f l u o r i c  acid was ob ta inea  i n  1809, and twc 
years l a t e r  Ampere sugges ted  t h a t  i t  c o n s i s t e d  o f  a combination o f  
hydrogen wi th  a new e lement ,  which he called f l u o r i n e .  
Elemental  f l u o r i n e  was not  produced u n t i l  1886, when Henri  
Moissol! succeeded i n  o b t a i n i n g  it by e l e c t r o l y z i n g  a s o l u t i o n  o f  potassium 
hydrogen f l u o r i d e  i n  hydro f luo r i c  a c i d .  
2.2 PROPERTIES OF FLUORINE 
F luor ine  i s  t h e  most h igh ly  r e a c t i v e  element known, combining 
w i t h  a l l  o t h e r  e lements ,  except  the  first few nob le  gases. T h i s  is due 
to  its atomic s t r u c t u r e ,  which p l a c e s  it a t  t h e  t o p  o f  t h e  halogen fami ly .  
The e l e c t r o n  conf igu ra t ion  o f  f l u o r i n e  is 1s22s22p5. The tendency t o  
complete t he  second s h e l l  w i t h  eight e l e c t r o n s  is t h e  d r i v i n g  f o r c e  f o r  
t h e  extreme chemical a c t i v i t y  o f  f l u o r i n e  (known as t h e  o c t a n t  rule).  
T h i s  g i v e s  f l u o r i n e  t h e  h i g h e s t  e l e c t r o n e g a t i v i t y ,  w i t h  a p o t e n t i a l  o f  
-2.85 V,  compared w i t h  -1.36 V f o r  c h l o r i n e  and -1.22 V f o r  oxygen 
(Refs. 2-1 through 2-3). 
Reac t ions  w i t h  f l u o r i n e  sometimes need t o  be i n i t i a t e d  but  
then proceed exp los ive ly  o r  with a de tone t ion  s i n c e  t h e  energy evolved 
leads  t o  a s h a r p  temperature rise.  For i n s t a n c e ,  t h e  energy o f  t h e  
r e a c t i o n  H 2  + Fq-2HF is 538 k J  (128.4 k c a l )  compared with 484 k J  
(115.6 k c a l )  f o r  2H2 + 02-2H20 (Refs. 2-4, 2-5). 
The h igh  e l e c t r o n e g a t i v i t y  makes f l u o r i n e  a h i g h l y  r e a c t i v e  
o x i d i z e r .  
c h a r a c t e r i s t i c s  s i n c e  oxygen is also a r e a c t i v e  o x i d i z e r ,  having the  
Fluorine-oxygen mix tu res  and compwnds have many similar 
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t h i r d  highest  e l e c t r o n e g a t i v i t y .  ( P h y s i c a l  p r o p e r t i e s  f o r  these o x i d i z e r s  
are l i s ted  i n  Appendix A ,  and a d d i t i o n a l  data  can be found i n  Reference 2-6.)  
The o n l y  compounds t h a t  w i l l  no t  react w i t h  f l u o r i n e  are those  
which are a l r e a d y  f u l l y  f l u o r i n a t e d .  Teflon ( R ) ,  Mylar (R), and Kapton 
(R) , which are p a r t i a l l y  f l u o r i n a t e d  compounds, are a l s o  h igh ly  r e s i s t a n t  
t o  f l u o r i n e .  F luo r ine  can s a f e l y  be handled u s i n g  c o n t a i n e r s  o f  st?: '"9s 
steel ,  n i c k e l ,  and c e r t a i n  o t h e r  metals such a s  aluminum and t i t s  A ,  
t o  t he  formation o f  a f l u o r i n e  compound f i l m  (10-20 t h i c k ) ,  wt ewer 
t h e  s u r f a c e  on c o n t a c t ,  p reven t ing  f u r t h e r  f l u o r i n a t i o n  o f  t h e  p a e n t  
material (Refs. 2-6, 2-7). P u r i t y  o f  t h e  metal is  impor tan t ;  a ;ow-level 
contaminat ion  can act as a c a t a l y s t  t o  i n i t i a t e  combustion w i t h  t h e  metal. 
2.3 USES OF FLUORINE AND ITS COMPOUNDS 
I n  t h e  past f i f t y  y e a r s ,  myriads o f  new uses f o r  f l u o r i n e  and 
Detailed below are the major a p p l i c a t i o n s  of f l u o r i n e .  
f l uo r ine -con ta in ing  compounds have been develcped.  
2-8 t o  2-10.) 
(See Table 2-1 and Refs. 
2.3.1 F luorspar  
F luo r spa r  1,as been used f o r  hundreds o f  years as  a f l u x i n g  agen t  
i n  ceramics and glass product ion  and i r  t h e  product ion  o f  v a r i o u s  metals. 
, 2.3.2 R e f r i g e r a n t s  
I n  1930 Midgley and Henne d iscovered  t h a t  d e r i v a t i v e s  of  
methane and e thane ,  i n  which most o r  a l l  of t h e  hydrogen was r ep laced  by 
f l u o r i n e  and c h l o r i n e ,  had p r o p e r t i e s  f o r  p r a c t i c a l l y  idea l  r e f r i g e r a n t s .  
They were r e l a t i v e l y  nontoxic  and nonflammable as  well. Fluorocarbon 
r e f r i g e r a n t s  are used i n  many government a p p l i c a t i o n s .  These r e f r i g e r a n t s  
have found f u r t h e r  use as a e r o s o l  p r o p e l l a n t s ,  a l t hough  t h i s  use has  
r e c e n t l y  become envi ronmenta l ly  ques t ionab le  because o f  t h e  c h l o r i n e  
i n  t h e  ch lorof luorocarbon a e r o s o l .  
2 -  3.3 Lubr i can t s  
Much research and development o f  f l u o r i n e  and its compounds 
took p l a c e  d u r i n g  WWlI i n  connect ion w i t h  the  Manhattan P r o j e c t .  It was 
d iscovered  t h a t  gaseous d i f f u s i o n  s e p a r a t i o n  o f  yranium hexa f luo r ide  was 
t h e  most efficient method of  producing enr iched  Uranium-235. Due t o  t h e  
'Tef lon ,  Mylar, and Kapton are registered trademarks o f  E. I. Du Pont 
2Trichlorotr i f luoroethane a l s o  is used as a c l ean ing  s o l v e n t  f o r  t h e  S h u t t l e ,  
de Nemours & Co., Inc .  
and Monobromotrifluoromethane is  used by t h e  mi l i ta ry  (Ref. 2-11) .  
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r e a c t i v i t y  of w6, it was necessa ry  t o  deve lop  f l u o r i n a t e d  o i l s  to  lubri- 
cate machine?y used i n  handl ing  t h i s  compound. These " f l u o r a 1 u b e P  were 
soon rep laced  by "chlorof luoro lubes"  , c o n t a i n i n g  c h l o r i n e  i n  p l a c e  of some 
of the f l u o r i n e ,  as t h e s e  could  be produced more inexpens ive ly .  
These o i l s  have found f u r t h e r  use i n  t h e  handl ing of l i q u i d  
oxygen and a v a r i e t y  of h igh ly  o x i d i z i n g  and c o r r o s i v e  p r o p e l l a n t s .  
also s e r v e  as excelleat f l o t a t i o n  f l u i d s  i n  gyroscopic  devices .  
They 
2.3.4 Dielectrics 
I n  1954 Olyphant and Brice discovered  t h a t ,  under  the proper  
cond i t ions ,  c e r t a i n  f luorocarbon l i q u i d s  had t e n  times the heat transfer 
c a p a b i l i t y  of t ransformer  o i l .  This al lowed s 2 b s t a n t i a l  r e d u c t i o n  in 
volume and weight o f  high-vol tage power s u p p l i e s .  
Seve ra l  gaseous f l u o r i n e  compounds have e x c e l l e n t  d i e l e c t r i c  
p r o p e r t i e s ,  as w e l l  as good heat c o n d u c t i v i t y  and chemic& i n e r t n e s s .  
S u l f u r  hexa f luo r ide  has s u c c e s s f u l l y  been used i n  high-power transformers, 
c i r c u i t  b reake r s ,  and c o a x i a l  cab le s .  
2.3.5 S u r f a c t a n t s  on L iqu ids  
Fluorocarbons as a group have t h e  lowes t  surface tensior! of any 
known material. 
These compounds, when d i s so lved  i n  a l i q u i d  medium, migrate to  and o r i e n t  on 
t h e  s u r f a c e ,  reducing the  surface energy. These f luo roca rbon  " s u r f a c t a n t s "  
can be used t o  i n h i b i t  evapora t ion  o f  l i q u i d  i n  open con ta ine r s .  Under con- 
t r o l l e d  cond i t ions ,  a c o n t a i n e r  o f  g a s o l i n e  evaporated t o t a l l y  i n  three days.  
When 0.003% of a f luorocarbon s u r f a c t a n t  was added, n e a r l y  70% of the  g a s o l i n e  
remained after a week's exposure. A dramat i c  dec rease  i n  f l ammabi l i t y  occurred  
as well, w i t h  no combustion taking p lace  even when a l i g h t e d  match was held  
t o  t h e  s u r f a c e  of t h e  l i q u i d .  S u r f a c t a n t s  have a l s o  been found u s e f u l  i n  de- 
creasing t h e  mig ra t ion  o f  p l a s t i c i z e d  viriyl  polymers, a s p h a l t ,  and adhes ives .  
Many f luo roca rbons  d i s p l a y  a high degree of surface a c t i v i t y .  
Loss o f  chromic acid due to  b u r s t i n g  gas bubbles  was a major 
problem i n  chromium-plating processes  u n t i l  t h e  de-relopment o f  s u r f a c t a n t s .  
The s u r f a c t a n t  a l lows t h e  e v o l u t i o n  o f  gas but  p reven t s  t h e  v i o l e i t  b u r s t i n g  
o f  bubbles  and t h e  r e s u l t a n t  chromic acid spray .  S ince  t h e  s u r f a c t a n t  is 
impervious t o  tne  ac id ,  t h e  on ly  loss occurs i n  minor amounts when o b j e c t s  
are removed from the  chromic acid ba th ,  r e q u i r i n g  on ly  i r f r e q u e n t  a d d i t i o n s  
t o  main ta in  the  d e s i r e d  concen t r a t ion .  Fluorocarbon s u r f a c t a n t s  have a l s o  
found use as " leve l ingf1  a g e n t s  i n  f l o o r  waxes, as they  r e q u i r e  a smaller 
concen t r a t ion  (0.005% - 0.015 by weight)  than  hydrocarbon s u r f a c t a n t s .  
2.3.6 S u r f a c t a n t s  on S o l i d s  
S u r f a c t a n t s  can be e i the r  chemica l ly  o r  p h y s i c a l l y  absorbed on 
a s o l i d  surface, resulting i n  films e x h i b i t i n g  o i l  and water r e p e l l e n c l ,  
lower c o e f f i c i e n t s  o f  f r i c t i o n ,  low adhesive q u a l i t i e s ,  and o t h e r  effects  
a s s o c i a t e d  w i t h  low-energy films. 
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T e x t i l e s ,  paper products, and leather, when treated with various 
f luo roca rbons ,  s h o w  marked h p r o v e s e n t s  in water and o i l  r e p e l l e n c y ,  stain 
resistance, and resistance to chemical c o r r o s i o n .  These f luo roca rbon  re- 
pellants also d i s p l a y  greater d u r a b i l i t y  and longer lifetimes t h a n  other 
repellants when mdergoing repeated washing and/or d r y  cleaning. Fluoro- 
ca rbons  are useu e x t e n s i v e l y  in leather processing.  Besides producing 
high q u a l i t y  leather, f l u o r o c a r b o n s  impart a high degree of chemical 
r e s i s t a n c e .  
have no effect on f luo roca rbon- t r ea t ed  leather. F l u o m a r b c n  sizing 
a g e n t s  are extremely u s e f u l  in the p roduc t ion  of hydroca rbon- re s i s t an t  
paper products .  
to oil, grease, w a x ,  and p las t i c -based  l a c q u e r s .  Inexpensive paper 
c o n t a i n e r s  can nou be used to  c o n t a i n  a v a r i e t y  of s u b s t a n c e s  p r e v i o u s l y  
r e q u i r i n g  more elaborate c o n t a i n e r s .  
Even concen t r a t ed  hydroch lo r i c  acid and boiling c a u s t i c s  
Paper can be treated for v a r y i n g  degrees of r e s i s t a n c e  
2.3.7 Polymers 
Fluorocarbon polymers and p l a s t i c s  have ga ined  widespread 
usage due tc convenient  characteristics o b t a i n a b l e  with v a r i o u s  types 
of f luorocarbons.  Polytetrafluoroethylene, better known as Tef lon  (R), 
can be found as a surface coating on a v a r i e t y  of k i t c h e n  u t e n s i l s .  
Its chemical i n e r t n e s s ,  low c o e f f i c i e n t  of f r i c t i o n ,  and high s t a b i l i t y  
o v e r  wide temperature ranges have made Teflon a household word. 
Other similar f luc roca rbon  polymers have found a wide v a r i e t y  
of uses as well. Fluorocarbon polymers d i s p l a y  high dielectric strength 
and high heat r e s i s t a n c e ,  making them e x c e l l e n t  materials for electrical 
i n s i l l a t i o n .  Their chemical s t a b i l i t y  makes them e x c e l l e n t  s ta t ic  seals 
and gaskets f o r  handl ing a c t i v e  chemicals, e s p e c i a l l y  rocket and jet 
f u e l s .  The iow c o e f f i c i e n t  of p i c t i o n  of these materials makes them 
idea l  as bearings and packings for s l e e v e s  i n  v a l v e s  i n  r e l a t i v e l y  non- 
r e a c t i v e  f i u i d s ,  especially when h igh  loads are r e q u i r e d .  Fluorocarbon 
polymers also are u s e f u l  i n  t h e  f i e l d  of c ryogen ics ,  as these  p roduc t s  
r e t a i n  their f l e x i b i l i t y  even a t  temperatures as low as  t h a t  of l i q u i d  
he l icm,  and w i l l  n o t  react w i t h  l i q u i d  oxygen or o t h e r  higPJy o x i d i z i n g  
a g e n t s  i n  s ta t ic  usage. However, i m p u r i t i e s  i n  f luc roca rbon  compounds 
w i l l  cause these canpounds to  be h i g h l y  r e a c t i v e  wi th  o x i d i z e r s .  
2 . 3 . k  Rubber 
Fluorocarbons o f  v a r i o u s  t y p e s  have proven useful when pro- 
ces sed  i n t o  nabma1  or s y n t h e t i c  rubber.  The f i n i s h e d  p roduc t ,  bes ides  
d i s p l a y i n g  e x c e l l e n t  rubbe r  characteristics, also resists chemical and 
solvent.  a t t a c k  and r e t a i n s  i t s  characterist ics ove r  a broad temperature  
range. A copolymer o f  c h l o r o t r i f l u o r o e t h y l e n e  and v i n y l i d e n e  f l u o r i d e ,  
a Kel-F (R)' brand e l a s tomer ,  has been used as a l i n e r  i n  a chemical pump 
handl ing red fuming n i t r i c  a c i d  con t inuous ly  for 14,700,000 f l e x  c y c l e s  
without  n o t i c e a b l e  s w e l l i n g  or c o r r o s i o n .  
'Kel-F, r e g i s t e r e d  trademark of t h e  Minnesota Mining and Manufacturing Co. 
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2 - 3 - 9  F l u o r i d e s  for Teeth 
Various f l u o r i d e s  have ga ined  widespread accceptance  as  addi- 
t i v e z  i n  toothpastes and d r i n k i n g  water to h e l p  s t r e n g t h e n  t o o t h  enamel 
and i n c r e a s e  r e s i s t a n c e  t o  t o o t h  decay. 
2.3. i o  Ion S p u t t e r i n g  
F luor ine  i o n s ,  because of their  high r e a c t i v i t y ,  are used t o  
r eaove  c o n t a i n a t i o n  from surfaces by s p u t t e r i n g  t h e  i o n s  on to  surfaces. 
Lunar surface samples coated wi th  e a r t h  carbon monoxide molecules  w e r e  
c l eaned  r e c e n t l y  by t h i s  process .  
2.3.11 P r o p e l l a n t s  
Various forms of f l u o r i n e  have been used as exper imenta l  pro- 
pellants f o r  n e a r l y  30 years .  The p r o p e l l a n t  performance and f e a s i b i l i t y  
s t u d i e s  =e covered i n  S e c t i o n s  3.3 and 3.4. The safe use o f  f l u o r i n e  as 
t h e  o x i d i z e r  w i th  hydraz ine ,  transported by the  S h u t t l e  Orbi te r ,  is t h e  
pr imary i n t e r e s t  of t h i s  report. 
I n  r e c e n t  y e a r s  f l u o r i n e ,  oxygen d i f l u o r i d e ,  and n i t r o g e n  
trifluoride have been inves t iga$ed  by s e v e r a l  c o n t r a c t o r s  for the  Depart- 
ment of Defense (Ref. 2-12). The A i r  Force is s tudy ing  laser a p p l i c a t i o n s  
bhich  r e q u i r e  S h u t t l e  transport of these f l w r i n a t e d  compounds. The Navy 
also is cons ide r ing  on-board s h i p  use  of f l u o r i n a t e d  compounds. 
2.4 FLUORINE PROCESSING 
2.4.1 Product ion o f  F luo r ine  
Most coEmercia1 producerz o f  f l u o r i n e  use t h e  same b a s i c  pro- 
cess of e l e c t r o l y z i n g  a s o l u t i o r .  of hydrcgen f l u o r i d e  i n  molten potassium 
f l u o r i d e .  (The composi t ion of t h e  most commonly used electrolyte is 
KF'2HF.I A t y p i c a l  f l u o r i n e  ce l l  is i l l u s t r a t e d  i n  F igure  2-1. The anodes 
are u s u a l l y  carbon,  and t h e  ca thodes  and ce l l  body are steel or monel. 
Cell l i f e  has  been increased  from a f e w  thousand ampere hours  i n  t h e  
1340's ( t h e  first, large-scale product ion  o f  f l u o r i n e )  t o  s e v e r a l  m i l l i o n  
ampere hours  i n  t h e  1970's. The process  is shown i n  F igure  2-2, and some 
o f  t h e  ope ra t ing  characteristics o f  actual f l u o r i n e  cells  are i l l u s t r a t e d  
i n  Tables 2-2 and 2-3 (see also Refs. 2-13 through 2-17). 
The impure f l u o r i n e  gas evolved is p u r i f i e d  by coo l ing  t o  
remove HF and CF4. 
con ta in  less than 15 i m p u r i t i e s  by weignt. The p u r i f i e d  f l u o r i n e  is then  
e i ther  p res su r i zed  f o r  use or l i q u i f i e d  f o r  s t o r a g e  and sh ipp ing .  
F luo r ine  s p e c i f i c a t i o n  s t a n d a r d s  r e q u i r e  t h a t  f l u o r i n e  
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1 Figure 2-1. Typical fluorine cell  (Ref. 2-13) 
Figure 2-2. Fluorine process (Ref. 13)' 
INS*JLATOR SPACE 
/LIQIJIO NI1 1ROCEN 
CARBON STEEL SHELL 
STAINLESS STEEL SHELL 
STAINLESS STEEL SMELL 
Figure 2-3. Liquid  fluorine transport vessel (Ref. 2-1 3)  ' 
'Reprinted w i t h  permission from Chemical Ennineerinn Progress, N .  Y.  
2-8 
Table 2-2. Cell Operat ing Characteristics (Ref. 2-1611 
Small Cell New Cell 
A t  4000 A A t  4000 A A t  4000 A 
Operat ing vo l t age ,  V 




Hydrogen f l u o r i d e  
i n  e l e c t r o l y t e ,  % 
E f f e c t i v e  anode 
area, m2 
(1.t2) .. 
Anode c u r r e n t  
d e n s i t y  , A h 2  
(A/ f t2)  
Anodes, number 




























15.5 x l o6  
lReprinted w i t h  permission from Ref. 2-16. Copyright by t h e  American 
Chemical Soc ie ty  
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Table 2-3. Fluorine Cell (Ref. 2-17)l 
Operat ing Characteristics 
Normal MaXimUU 
Operat ing c u r r e n t ,  A 
Opera t ing  v o l t a g e ,  V 
cooling water temperature ,  OC (OF)  
I n l e t  
O u t l e t  
F reez ing  poiiit of electrolyte, 
41% hydrogen f l u o r i d e ,  OC (OF> 
Hydrogen f l u o r i d e  i n  e l e c t r o l y t e ,  f 
F l u o r i n e ,  kg ( lbm)  
Pe r  1000 Ah c u r r e n t  
Per  kg hydrogen f l u o r i d e  





0.64 (1 .40)  
0.78 
16 
Cell Dimensions of  Modified Cell 
E f f e c t i v e  anode area, m2 ( f t 2 )  3.9 (421 
S i z e ,  m ( i n . )  
Length,  head f l a n g e  2.3 (89)  
Width, head f l a n g e  0.97 (38)  





( i n . )  
32 
0.05 x 0.2 x 0.52 








lRepr in t ed  w i t h  permission from Ref. 2-17. Copyright by t h e  America? 
Chemical S o c i e t y  
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Table  2-3. F l u o r i n e  Cell (Ref. 2-1711 (con td )  
Materials of Cons t ruc t ion  
Component Material 
- - 
S h e l l  
Head Steel p l a t e ,  Monel s k i r t  
Anodes Carbon, Grade YBD 
Cathode Steel 
Monel l i n e r ,  s teel  j a c k e t  (~sTM-285) 
Diaphragm Monel 
Anode suppor t  bar  Chrome-molybdenum steel  (AISI-4140) 
Anode s u p p c r t  b o l t  Chrome-molybdenum s teel  ( AISI-41 40 ) 
2.4.2 Producers  of Elemental  F l u o r i n e  
American companies which produce or have produced f l u o r i n e  
i n c l u d e :  A i r  P roducts  and Chemicals, A l l i e d  Chemical Company, Liquid 
Carbonic Corpora t ion ,  Matheson Gas Products ,  MG S c i e n t i f i c  Gases, P r e c i s i o n  
Gas Produc t s ,  Inc . ,  and t h e  Union Carbide Corpora t ion .  Large-scale f l u o r i n e  
product ion  fac i l i t i es  ex i s t  a t  s e v e r a l  of t h e s e  companies. C u r r e n t l y  t h e  
A l l i e d  Chemical Company is producing LF2 and A i r  P roduc t s  and Chemicals 
are producing GF2. 
2 .4 .3  Shipping  and Handling 
Gaseous f l u o r i n e  is  packaged and shipped i n  s teel  c y l i n d e r s  
under a p r e s s u r e  o f  280 N/cm2 (400 p s i a ) .  
I C C  s p e c i f i c a t i o n  3AA-1000 and can c o n t a i n  no more than  2.7 kg (6 l b ) /  
c y l i n d e r .  
under s p e c i a l  permit  i n  1957. 'ionnage q u a n t i t i e s  of t h e  l i q u i d  are 
sh ipped  i n  loss-free, Dewar-type t anks  ( F i g .  2-31, The Dewar-type t ank  
des ign  i s  based on t h e  d i f f e r e n c e  i n  b o i l i n g  p o i n t s  o f  n i t r o g e n  and 
f l u o r i n e  - 1 9 6 O C  and - 1 8 8 O C  (-32O0F and -307OF), r e s p e c t i v e l y .  
i s  kep t  e n t i r e l y  l o s s  free a t  t h e  expense o f  b o i l i n g  n i t r o g e n .  The s y s t e n  
The c y l i n d e r s  must conform t o  
Bulk shipment of  l i q u i d  f l u o r i n e  was a u t h o r i z e d  by t h e  I C C  
The f l u o r i n e  
1Reprinted wi th  permission from Ref. 2-17. Copyright  by t h e  American 
Chemical S o c i e t y  
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is des igned  so t h a t  i t  can be maintained f o r  s e v e r a l  days  wi thout  t h e  
need for r e p l a c i n g  l i q u i d  n i t rogen .  
t o  warn of  low l i q u i d  n i t r o g e n  l e v e l  and t o  i n d i c a t e  h igh  f l u o r i n e  
p re s su re .  1 
Sound and v i s u a l  a la rms  are provided 
The NASA Lewis Research Cen te r ,  JPL, and A l l i e d  Chemical Co. 
are a l l  experienced i n  the  handl ing  and t r a n s p o r t a t i o n  o f  l i q u i d  f l u o r i n e .  
A s  a r e s u l t  o f  its expe r i ences  with f l u o r i n e ,  Lewis Research Center  has 
Mixtures  i n  Rocket Svstems (Ref. 2-6). 
publ ished a handbcok on Handlina and Use o f  F1 u o r i n e  a nd F l u o r i  ne-oxvnea 
Below is a s h o r t  check list from the  expe r i ences  o f  t h e  above 
o r g a n i z a t i o n s  of key p o i n t s  i n  the  handl ing  of LF2: 
Choose proven c a n p a t i b l e  materials, p r e f e r a b l y  an  a l l  
metal system. 
Minimize t h e  number of p o t e n t i a l  leak p o i n t s  by use 
o f  welded j o i n t s .  
F a b r i c a t i o n  should no t  r e s u l t  i n  sh-rp edges w i t h i n  
the flow passages, and a l l  welded j o i n t s  should be 
x-rayed t o  a s s u r e  no o c c l u s i o n s  are p r e s e n t .  
Extreme c l e a n l i n e s s  i s  r e q u i r e d .  Therefore ,  o c c l u s i o n s  
and dead-end c r e v i c e s  cannot  be pe rmi t t ed .  
The system must be  l eakproof .  
P r e p a s s i v a t i o n  with GF2 is s t r o n g l y  recommended. 
A l ink-wire  shutdown s e n s i n g  system f o r  au tomat ic  
c l o s i n g  of i s o l a t i o n  v a l v e s  is s t r o n g l y  recommended 
t o  minimize hardware l o s s  and t o x i c  releases i n  t h e  
even t  o f  a system element f a i l u r e .  
'Conta iners  f o r  t r a n s p o r t  of f l u o r i n e  do no t  have re l ie f  o r  b u r s t  d e v i c e s ,  
which can mal func t ion ,  bu t  r e l y  on the  subcool ing  effect  o f  t h e  LN2 
t o  main ta in  t h e  LFz a t  a low, safe p res su re .  
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SECTION 3 
TESTING AND USES OF FLUORINE AS PROPELLANTS 
THEORETICAL STUDIES 
D u r i n g  the  1950'9, t h e  Nat ional  Advisory Committee on Aero- 
n a u t i c s  ( N A C A )  conducted s e v e r a l  t h e o r e t i c a l  performance s t u d i e s  i n v o l v i n g  
l i q u i d  f l u o r i n e  and oxygen-f luorine mix tu res  a s  o x i d i z e r s  f o r  v a r i o u s  
f u e l s .  The r e s u l t s  were uniformly encouraging.  C a l c u l a t i o n s  p r e d i c t e d  
specific impulses  o f  ove r  3,900 N/kg/s (400 l b f / l b m / s )  , and some combina- 
t i o n s  had p red ic t ed  s p e c i f i c  impulses  o f  over  4 ,900 N / k g / s  (500 lb f / lbm/s ) .  
These t h e o r e t i c a l  c a l c u l a t i o n s  clearly i n d i c a t e d  t h a t  s i g n i f i c a n t  i n c r e a s e s  
i n  p r o p e l l a n t  p?rformance could be obta ined  by use  o f  f l u o r i n e ,  f l u o r i n e -  
oxygen mix tu res ,  and f l u o r i n e  compounds (Ref. 3-1). 
3.2 MATERIAL COMPATIBILITY AND SAFETY STUDIES 
I n  t h e  l a t e  1950's and early 1960's  s e v e r a l  s t u d i e s  were 
conducted t o  de te rmine  the  t y p e s  o f  materials b e s t  s u i t e d  f o r  s t o r i n g  and 
handl ing  l i q u i d  f l u o r i n e  and flLiorine-oxygen mixtures .  Much o f  t h i s  work 
todk  p l a c e  a t  t h e  NASA L e w i s  Research Center .  
o t h e r  t es t s  have been c a n p i l e d  and publ i shed  by NASA i n  Ref. 2-6. 
J o i n t  Army, Navy, NASA, Air Force Propuls ion  Committee (JANNAF) has 
publ ished a Chemical Rocket /Propel lan t  Hazards Handbook, which c o n t a i n s  
a brief but  complete overview o f  recommended procedures  f o r  t he  hand l ing ,  
s t o r a g e ,  and t r a n s p o r t a t i o n  of l i q u i d  and gaseous  f l u o r i n e ,  f l u o r i n e -  
oxygen mix tu res ,  and oxygen d i f l u o r i d e  (Ref. 3-2, see a l s o  Ref. 3-3). 
Addi t iona l  materials e v a l u a t i o n  is  c u r r e n t l y  be ing  conducted by JPL .  
Thh r e s u l t s  o f  these and 
The 
3.3 PERFORMANCE STUDIES 
Tes t ing  o f  v a r i o u s  f l u o r i n e - l i q u i d  p r o p e l l a n t  systems h a s  been 
conducted f o r  a lmost  30 y e a r s .  Although some o f  t h e  more r e c e n t  work i s  
st i l l  c l a s s i f i ed ,  there  is a large amount of  exper imenta l  r e s u l t s  a v a i l a b l e  
f o r  review. The major problem i n  t e s t i n g  o r  use o f  f luor iqe-based  o x i d i z e r s  
is t h a t  t h e  same p r o p e r t i e s  which make these a t t r a c t i v e  f o r  use ( i .e . ,  
extreme r e a c t i v i t y )  a l s o  make them ext remely  hazardous.  T:le utmost c a r e  
must be exe rc i sed  when dealing wi th  such o x i d i z e r s .  Despi te  t h e  dangers  
and d i f f i c u l t i e s  e n t a i l e d  i n  us ing  e lementa l  fl u o r i n e ,  s u c c e s s f u l  research 
has  been conducted under t h e  sponsorsh ip  of  NASA and t h e  U.S. Air Force 
(see A i r  Force s p i l l  tests i n  Ref. 3-4, f o r  example).  It i s  encouraging 
t o  note  t h a t  no s e r i o u s  personal  i n j u r y  has occurred  i n  any o f  t h e  
tests conducted s i n c e  1970 and on ly  a few b e f o r e  t h a t  time. 
3.3.1 Fluorine-Hydrazine 
F luor ine-hydraz ine  r o c k e t  eng ines  have undergone tests on 
a small s c a l e  s i n c e  1949. The f luo r ine -hydraz ine  combination o f f e r s  
h i g h  spec i f ic  impulse and h igh  b u l k  d e n s i t y .  The most complete s t u d y  
of t h e  performance characterist ics of t h i s  b i p r o p e l l a n t  combination 
was compiled by Bell  Aerosystems f o r  t he  Air Force maneuvering s a t e l l i t e  
p ropu l s ion  system (Ref. 3-5). Liquid f l u o r i n e  was used i n  combination 
wi th  BA-1014. (The compo- i t ion  of BA-1014 is 1 mole monwethylhydraz ine ,  
I s o l e  water, 4 moles hydraz ine . )  A peak vaci;Lllii specific impulse o f  
4,120 N/kg/s ('120 l b f / l bm/s )  was p red ic t ed  (see Table 3-1, from Ref. 
3-5).  The handbook c o n t a i n s  data on vacuum and optimum s p e c i f i c  impulse,  
optimum and vacuum t h r u s t  c o e f f i c i e n t ,  combustion tempera ture  as  a 
f u n c t i o n  o f  mixture  r a t i o ,  chamber p r e s s u r e ,  and area r a t i o  f o r  s h i f t i n g  
and f rozen  equ i l ib r ium.  Ca lcu la t ed  d e n s i t i e s  and e n t h a l p i e s  o f  combustion 
p roduc t s  are l i s t e d  as well (see a l s o  Ref. 3-6).  
3.392 Fluorine-Ammonia 
Ammonia is similar t o  hydrazine i n  its performance character- 
i s t ics .  The Bell  Aerosystems Handbook c o n t a i n s  the same parameters  f o r  
ammonia as f o r  fluorine/BA-l014 (Ref. 3-5).  Parameters f o r  peak specif ic  
impulse are l i s t e d  i n  Table  3-1. 
3.3.3 F1 uorine-H; drogen 
Liquid f l u o r i n e - l i q u i d  hydrogen p r o p e i l a n t  systems have 
the  h ighes t  t h e o r e t i c a l  performance p o t e n t i a l  o f  a l l  stable chemical 
sou rces  of  energy,  making them extremely a t t r a c t i v e  as a l i q u i d  b ipro-  
p e l l a n t  combination. The NASA L e w i s  Research Center  h a s  publ i shed  
results o f  tests conducted w i t h  a 22,000 N (5000 l b f )  t h r u s t  engine  
(Ref. 3-7).  Using a combustion p res su re  o f  200 N/cm2 (300 p s i a ) ,  t h e y  
obta ined  a specific impulse o f  3450 N/kg/s (352 l b f / l b m / s )  w i t h  a 13.8% 
hydrogen mixture .  They experienced no d i f f i c u l t i e s  i n  engine  o p e r a t i o n .  
Fu r the r  tests by NASA L e w i s  on t h e  same engine u l t i m a t e l y  r e s u l t e d  
i n  a s p e c i f i c  impulse o f  4 , 4 1 0  N/kg/s (450 l b f / l b m / s )  u s ing  10 t o  15% 
f u e l  and a chamber pressure of  500 N/cm2 (750 p s i a )  (see Refs. 3-8, 
3-9). The Bell Aerosystems ProDel lan t  Performance Handbook (Ref. 3-5) 
a l s o  c o n t a i n s  a s e c t i o n  on t h e  f luorine-hydrogen combination (Vol. 11, 
Parts a and b ) .  
was p red ic t ed  ( T a b l e  3-1).  
A vacuum spec i f ic  impulse of 4,660 N/kg/s (475 l b f / l b m / s )  
3 0 3 . 4  Lithium-Fluorine-Hydrogen 
A lithium-fluorine-hydrogen t r i p r o p e l l a n t  system has a 
t h e o r e t i c a l  vacuum spec i f ic  impulse of 5,300 N/kg/s (540 l b f / l b m / s ) .  
A Rocketdyne s tudy  f o r  NASA (Ref. 3-10) achieved a vacuum spec i f ic  
impu l se  of  4,990 N/kg/s (509 l b f / l b m / s )  i n  exper imenta l  tests. However, 
systems ana lyses  i n d i c a t e d  t h a t  t h i s  system would not  be a s  e f f i c i e n t  
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3.305 Fluorine-Oxygen Mixtures (FLOX) 
Fluorine-oxygen mixtures  (FLOX) have been developed and 
tested i n  t h e  hopes o f  i nc reas ing  s p e c i f i c  impulse without  n e c e s s i t a t i n g  
t h e  use o f  a pure-fluorine-compatible system. The U.S. A i r  Force conducted 
s e v e r a l  s t u d i e s  t o  determine i f  a FLOX system could be used as the  pro- 
p e l l a n t  system f o r  an Atlas missile. 
i n  a few yea r s .  A 301 F2 FLOX mixture  o r i g i n a l l y  was used by t h e  USAF. 
The r e s u l t s  should be declassified 
A 1967 P r a t t  and Whitney Aircraft s t u d y  (Ref. 3-11) was con- 
ducted t o  determine the  amount o f  f l u o r i n e  i n  oxygen necessary  t o  achieve  
hypergol ic  i g n i t i o n  i n  a hydrogen-oxygen l i q u i d  p rope l l an t  system ( p r e s e n t  
hydrogen-oxygen systems need i g n i t i o n  devices)  . 
necessary was high enough (46.5-53.4%) f o r  t he  r e p o r t  t o  conclude t h a t  
such veh ic l e  and engine systems m t s t  be compatible  with pure f l u o r i n e .  
JPL  first used a 70% F2 FLOX and later used a n  88% C2 FLOX. 
Fluorine-oxygen mixtures  have been tested with LPG ( l i g h t  
petroleum gases) and methane as the  f u e l  (Ref. 3-12). Rocketdyne, 
i n  conjunct ion wi th  t h e  NASA L e w i s  Research Center ,  d i d  a comparative 
s tudy  o f  two proposed space-s torab le  propuls ion systems, one o f  which 
was a FLOX/methane b i p r o p e l l a n t  system using an 82.5% f l u o r i n e  ox id ize r .  
With an 1:,000 N (2500 l b f )  t h r u s t  engine and 70 N/cm2 (100 p s i a )  chamber 
p re s su re ,  a specific impulse o f  3,800 N/kg/s (386 l b f / l b m / s )  was achieved 
(Ref. 3-13). 
The percentage of f l u o r i n e  
Prat t  and Whitney Aircraft r e c e n t l y  s t u d i e d  t h e  performance 
o f  var ious  FLOX mixtures  with l i g h t  hydrocarbons such  as methane, prop? ;c 
and butene-I. The tes ts  used a 22,000 N (5000 l b f )  t h r u s t  engine and 
a chamber pressure  o f  70 N/cm2 (100 p s i a ) .  The f l u o r i n e  concent ra t ion  
i n  the  ox id jze r  was optimized f o r  m a x i m u m  t h e o r e t i c a l  performance w i t h  
each f u e l .  The results were published i n  Ref. 3-14. Measured vacuum 
s p e c i f i c  impulses of  3,600 N/kg/s (368 l b f / l b m / s )  were achieved f o r  
FLOXhethane and 3,550 N/kg/s  (362 l b f / l b m / s )  f o r  FLOX/butene-1. 
3 .3 -6  Oxygen D i  f luoride-Di borane 
The space-s torable  propuls ion system comparison by Rocketdyne 
referred t o  above (Ref. 3-13) obtained r e s u l t s  f o r  an oxygen d i f l u o r i d e -  
diborane p rope l l an t  system as well as the  FLOX-methane system. The 
same system conf igu ra t ion  was used f o r  both.  A s p e c i f i c  impulse o f  
4,000 N/kg/s (412 lb f / lbm/s )  was achieved w i t h  an oxid izer - to- fue l  
r a t i o  of  4:l.  
3 * 4  SPACE-STORABLE PROPULSION SYSTEM STUDIES 
I n  the e a r l y  1960ts, JPL undertook an e f f o r t  t o  determine 
a p rope l l an t  combination t h a t  should be rrlopted as its advanced develop- 
ment program f o r  t he  next  genera t ion  of spacecraft p l ane ta ry  propuls ion  
systems. 
because of a high performance o f  about 3,700 N/kg/s ( 380 l b f / l b m / s )  
and a common s to rage  temperature of  -135OC (-210OF). The c o s t  o f  the  
Oxygen d i f l u o r i d e  (OF21 and diborane (B2H6) were chosen i n i t i a l l y  
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p r o p e l l a n t  was high  approxlmate ly  $loo/@ (-$50/lbm) i n  1963 d o l l a r s ,  
order to concen t r a t e  efforts on the  oxidizer, monomethylhydrazine MMi) 
was used i n  p l a c e  of B2H6. The changeover t d  OF2/B2H6 occurred  I n  
1966 and t h e  technology cont inued  u n t i l  1971. 
o f - the -a r t  r e p o r t  o f  i n j e c t o r s  and t h r u s t  chambers f o r  OF2/B2H6 i n  
Ref. 3-15. TRW also s t u d i e d  the thermal c o n t r o l  technology r e q u i r e d  
for t h i s  system f o r  JPL (Ref. 3-16, Vol. 1 ) .  
T 80 FLOX (70 w/o F2) .t was used as the  thermodynamic s imulant  for OF . I n  
JPL publ i shed  a state- 
During t h e  time period from 1963 t o  1970, i t  was a n t i c i p a t e d  
that t h e  p r i c e  o f  OF2 and B2H6 would decrease because o f  p o t e n t i a l l y  
h i g h  Air Force usage. However, t h i s  p r e d i c t e d  A i r  Force usage never  
occurred ,  and the  p r i c e  o f  p r o p e l l a n t s  r o s e  to  about  $200/kg !-$iQO/lbm). 
In a d d i t i o n ,  t h e  manufacturer  planned to s t o p  producic,s t h e  p r o p e l l a n t s  
because t h e  rates of product ion  were so low. 
Facing t h i s  s i t u a t i o n  a long  wi th  t he  succe&- 
(70  w/o F2)/MMH, JPL and NASA-HQ decided t o  redirect t b  
ment program. 
e f f o r t s  i n  a Systems Technology Program mode. 
F e a s i b i l i t y  Module, which was t o  use s t a t e -o f - the -a r t  technology and 
FLOX (70 w/o Fz)/MH. Its o b j e c t i v e  was t o  demonstrate  t h a t  a f l u o r i n e -  
con ta in ing  propuls ion  system could be s u c c e s s f u l l y  des igned ,  f a b r i c a t e d ,  
and tested. 
sucFessfu1.  
t h e  Engineer ing Test Module and used both FLOX (88 w/o F2)/MMH and 
F2/N2H4, was t o  advance t h e  s t a t e -o f - the -a r t .  
optimum f o r  use w i t h  MMH. 
. - h  t h e  FLOX 
-#anted develop- 
The r e d i r e c t i o n  t a s k  took  t h e  form of t u o  concurren t  
The first isas termed t h e  
This  phase o f  the e f f o r t  took 24 months and was completely 
The o b j e c t i v e  o f  t h e  concur ren t  p r o g h ,  which was called 
The 88 w/o F2 mixture  is 
Because of reduced funding,  The Systems Technology Program 
was te rmina ted  a f te r  completion of the  F e a s i b i l i t y  Module, and then  
t h e  work r e v e r t e d  t o  an R&T Base effcr t .  Later, i t  was no lOn&sr p c s s i b l e  
t o  c a r r y  the RLT Base e f f o r t  with two p r o p e l l a n t  combinat ions.  After 
system-level  t rade-of f  s t u d i e s  were compls:ed, hydraz ine  !as found 
t o  be t h e  bes t  f u e l  t o  use f o r  p l a n e t a r y  s p a c e c r a f t  p ropuls ion  systems.  
T h i s  conclus ion  was based on t h e  fo l lowing  reasons :  
( 1 )  Hydrazine has  h igh  bulk  d e n s i t y  ( 1  g/cc) . 
( 2 )  Hydrazine is used as t h e  f u e l  f o r  t h e  a t t i t u d e - c o n t r o l  
propuls ion  systems (ACPS). 
( 3 )  The f u e l  f o r  t h e  ACPS and main p ropu l s ion  system 
can be s t o r e d  i n  a common t ank ,  t he reby  minimizing 
r e s e r v e s  and reducing i n e r t  mass. 
lw/o = weight percent  f l u o r i n e  
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With hydraz ine  as t h e  selected f u e l ,  f l u o r i p e  is t h e  optimum 
o x i d i z e r .  
2% more s p e c i f i c  impulse than  FLOX (88 w/o F2)/MMH. d comparison was 
made by TRW o f  F2/N2H4 ( space - s to rab le )  wi th  N2O4/MMH ( e a r t h - s t o r a b l e )  
i n  Ref. 3-17, s i n c e  t h e r e  kill u s u a l l y  be  a b i p r o p e l l a n t  on board for 
p l a n e t a r y  miss ions .  A thermal e v a l u a t i o n  o f  t h i s  space - s to rab le  p r o p e l l a n t  
was a l s v  made by TRW i n  Ref. 3-16. 
The p r o p e l l a n t  combination of F2/N2H4 d e l i v e r s  approximate ly  
I n  1975 JPL submit ted a r e q u e s t  ,'w a proqram augmentation. 
T h i s  r eques t  f o r  augmentation inc luded  a b e n e f i t / c o s t  a n a l y s i s ,  which 
i n d i c a t e d  t h a t  the  c o s t s  o f  t h e  development e f f o r t  could be r e t u r n e d  
i n  one f l i g h t  p r o j e c t .  Tke augmentation r e q u e s t  was accep ted ,  and 
a Systems Technology e f f o r t  was begun i n  FY'77. 
underway and is scheduled t o  be completed by the  end of FY'82. 
of the concern f o r  c a r r y i n g  f1uorir.e as a S h u t t l e  payload p r o p e l l a n t ,  
an  e f f o r t  is underway t o  ensu re  t h a t  all s a f e t y  a s p e c t s  o f  a f l i g h t  
system are f a c t o r e d  i n t o  t he  c u r r e n t  program. 
Th i s  program is  cur re .  t l y  
Because 
Earlier, General Dynamics/Convair had s t u d i e d  t h e  pre launch  
o p e r a t i o n s  f o r  B2H6/0F2 on T i t a d c e n t a u r  (Ref. 3-18). 
Group conducted a s t u d y  f o r  JPL o f  s a f e t y  i m p l i c a t i o n s  fo: Shut t le - launched  
s p a c e c r a f t  us ing  f l u o r i n a t e d  o x i d i z e r s  (Ref. 3-19). This s tudy ,  which 
used n i t rogen- t e t rox ide  (N204) as a basis f o r  comparison i n  s a f e t y  cons ider -  
a t i o n s ,  showed t h a t  w i t h  the proper  des ign  o f  f l i g h t  and ground suppor t  
hardware, adequate  test and ope ra t ion  procedures ,  and tnorough t r a i n i n g  
o f  personnel ,  t h e  hazards a s s o c i a t e d  w i t h  f l u o r i n e  c2n be reCiicsd t o  
a l e v e l  equ iva len t  t o  t h a t  o f  n i t r o g e n  t e t r o x i d e  f o r  S h u t t l e  use.  
Later, TRW Systems 
3.5 MATERIALS COMPAi I B I L I T Y  
This  s e c t i o n  cove r s  a s p e c t s  o f  material c o m p a t i b i l i t y  o f  
o x i d i z e r  feed assembly components r e l a t i v e  t o  t h e  Space Shu t t l e  during, 
i n i t i a l  handl ing o p e r a t i o n s  and pre launch  c o n d i t i o m .  One o f  t h e  major 
g o a l s  f o r  t h e  Frogran is  t o  provide an advanced system, which w i l l  
u t i l i z e  LF2 f o r  a miss ion  d u r a t i o n  of  up t o  t e n  years. The n e c e s s i t y  
f o r  compatibi;  ' y  o f  materials o f  c o n s t r u c t i o n  wi th  t h e  f i n i s h e d  components 
and system f o r  LF2 s e r v i c e  cannot  he over-emphasized i n  o r d e r  t o  meet 
the miss ion  and l o n g - l i f e  requirements .  It is  necessary  t h a t  t h e  co&ponent 
and system materials e x h i b i t  i n e r t n e s s  t o  t h e  LF2 environment.  
3.5.1 Feed System Componests 
The feed system components i d e n t i f i e d  5y f u n c t i o n  i n  Table: 3-2 
provide for t h e  containment wi th in  the  propuls ion  system o f  t h e  LF2 from 
t h e  i n i t i a l  p r o p e l l a n t  l oad ing  ope ra t ion  t o  the  s p a c e c r a f t  launch.  The 
primary and/or c r i t i c a l  materials of c o n s t r u c t i o n  art! l i s t e d  f o r  each com- 
ponent .  
their c o m p a t i b i l i t y  from known exper ience  and as r epor t ed  i n  t h e  l i t e r a tu re  
(Refs. 2-6, 2-7, 2-12, and 3-20 through 3 -36) .  The next  s t e p  involved a c t u a l  
testing of t h e  most c r i t i c a l  items t o  v e r i f y  t h e  s u i t a b i l i t y  of  c a n d i d a t e  
materials f o r  the  a p p l i c a t i o n ,  and t o  ensure  t h a t  t h e  o v e r a l l  r e q u i r t z e n t s  
would b e  met. 
These materiald were i n i t i a l l y  screened  f o r  t h e  program by checking 
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T a b l e  7-2. Feed System Components and Candidate  Materials of 
Cons t ruc t ion  Sub jec t ed  t o  F l u o r i n e  (either l i q u i d  
o r  vapor) Demonstrated on t h e  F e a s i t d i t y  Module. 
Component Material 
P r o p e l l a n t  tank,  LF2 
Propellant management d e v i c e  
(PHD) and coolhg coil 
P r o p e l l a n t  tank ,  LF2, 
. u t l e t  cover and seal 
P r o p e l l a n t  feed ! ines  
T r a n s i t i o n  j o i n t  t ank  o u t l e t  
t o  feed l i n e  
I s o l a t i o n  va lve  seat 
Poppet 
F i l l  valv? seat 
Poppet 
Burs t  d i sc  
Transducer ,  p r e s s u r e  
sens ing  element 








Heat treated To 
CRES 304L 
Inccne l  718 
(may be gold-plated)  
Beryll ium Copper 
Alloy 172, Temper H 
Incone l  718 
(may be  go ld -p la t ed )  
Beryll ium Copper 
Alloy 172, Temper H 
Aluminum 2219-T87 or 
6061 -Td 
Incone l  718 
F i n a l l y ,  a cand ida te  all-metal s h u t o f f  v a l v e  was des igned ,  
The testing demonstrated t h e  a b i l i t y  fabrkated,  and tested wi th  LF2. 
o f  t h e  va lve  t o  meet the des ign  goals. A l t e r n a t e  all-metal v a l v e s  
a r e  c u r r e n t l y  be ing  tested (Ref. 3-38).  
3 -  5- 2 F l u o r i n e  Storage 
This s e c t i o n  desc;.ioes t h e  generzl chvacterist ics of f l u o r i n e  
and tce type of  data a v a i l a b l e  on ai?)” ; - *?I. a c c e p t a b i l i t y  of 
s p e c i f i c  materials of constru:!%ion. ~ . ’  Jaseous f l u o r i n e  has 
been produced and handied i n  indwtrial p rocesses  for many years. 
R p e r i e n c e ,  i nc lud ing  the handling, transportation, and disposal of 
tonnage q u a n t i t i e s  of f l u o r i n e ,  has c l e a r l y  demonstrated that f l u o r i n e  
can be handled over  prolonged periods and i n  large q u a n t i t i e s .  
Many common materials o f  c o n s t r u c t i o n  are compatible for 
u s e  in a l i q u i d  f l u o r i n e  e n v i r o m e n t  i n  the tesperature range of 
-173 t o  -230OC (-280 to  - 3 6 3 9 ) .  
chemical r e a c t i o n  i n  g e n e r a l  tends to take p lace  s lowly;  t h u s  c o r r o s i v e  
attack by t h e  l i q u i d  f l u o r i n e  progresses a t  a slower rate. Another 
factor r e s p o n s i b l e  for t h e  low rate o f  attack by LF2 and CF2 011 t h e  
-on metals is that t h i n  p r o t e c t i v e  f i l m s  o f  f l u o r i d e  compounds form 
on metal surfaces and act as  barriers to fur ther  r e a c t i o n .  The e f f e c t i v e -  
n e s s  o f  the p r o t e c t i v e  f i l m  formed on the metals by LF2 is based on 
the i n s o l u b i l i t y  o f  t h e  v a r i o u s  metal fluorides p r e s e n t  that form ir 
t h e  f i l m  i n  LF2. 
f l u o r i n e  are a c h i e v a b l e  and predictable .  However, t h e  highest s t a n d a r d s  
are demanded i n  system design, maintenance,  c l e a n l i n e s s ,  e l imir?a t ion  
o f  contaminants  (par t icular ly  m o i s t u r e ) ,  and o p e r a t i o n a l  techniques .  
A t  these c ryogez ic  temperatures, 
To smar ize ,  the use and s a t i s f a c t o r y  performance of 
3.5 .3  Campa t ib i l i t y  Criteria and Ava i l ab le  Data 
The c h o i c e  of aietals f o r  use i n  t h e  Space-Storable  P ropu l s ion  
System is p r i m a r i l y  based upon the  mechanical p r o p e r t y  requi rements  f o r  
t h e  g iven  a p p l i c a t i o n s ;  t h i s  imludes material strength and shock r e s i s t a n c e  
a t  the  cryogenic  tempera ture .  Other parameters cons idered  i n c l u d e  ra te  
of  c o r r o s i o n  r e s i s t a n c e ,  i g n i t i o n  temperature o f  t he  metal i n  LF2, 
f l u o r i d e  f i lm r e t e n t i o n ,  and impact s e n s i t i v i t y .  S p e c i f i c  aspects of 
d e t a i l  d e s i g n ,  f a b r i c a t i o n ,  and assembly practices are also cons ide red .  
The material c o m p a t i b i l i t y  data are based upon practical 
in fo rma t ion  accumulated under: 
( 1 )  NASA g e n e r a l  r e s e a r c h  and advanced development programs 
(2) USAF development programs 
( 3  1 NASA-OAST Advanced Technology Programs d i r e c t l y  related 
t o  t h e  Space-Storable  P ropu l s ion  System development. 
Th i s  also i n c l u d e s  t h e  breadboard system f e a s i b i l i t y  
demonst ra t ion  test progran. 
3.5.4 Materials Evalua t ion  
3.5.4.1 Aluminum. Both aluminum a l l o y s  2219-T87 and 6061-T6 have 
been tested i n  LF2. 
tests l a s t i n g  over one year and stressed specimens were s a t i s f a c t o r y .  
A t e n a c i o u s  f l u o r i d e  film was produced with a t h i c k n e s s  i n  t h e  range 
of 8 1. 
The r e s u l t s  from prolonged c o r r o s i o n  ( s t a t i c )  exposure 
There were no d e l e t e r i o u s  e f f e c t s  as a result o f  t he  t e s t i n g .  
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Al-rinu is proposed for fac i l i ty  burst-disc a p p l i c a t i o n s  with 
LF2 because of its i n h e r e n t  charachristic of r e p e a t a b i l i t y  (less s u s c e p t i b i e  
to  effects of Work hardening ,  t h u s  narrowiag the operating range band). 
rain c o n s i d e r a t i o n  deals wi th  an overp res su re  c o n d i t i o n  in tbe LF2 system 
causing disc r u p t u r e  and possible i g n i t i o 3  of the alufnu a l l o y .  
The 
The advan- of this material is that t h e  melt:= point is 
A 
In .some of t h e s e  tests, t h e  specimens were f’ractured 
below its i g n i t l o n  p o i n t  with f luor ine  gas, or about  600% (110m).  
series of mechanical  p rope r ty  tests were conducted t o  v e r i f y  t e n s i l e  
strengths in Is2. 
ia tbe p r o p e l l a n t  w i th  no evidence  of adve r se  effects. 
r e s u l t s ,  the  aluinu a l l o y  is consider* a c c e p t a b l e  for a p p l i c a t i o n  w i t h  
fluorine. 
Based upon these 
3.5.4.2 t St-. S e v e r a l  alloys of cor ros ion -  
r e s i s t a n t  steel (CRES) t y p e  materials have a n  e x t e n s i v e  background of 
Cesting v i t h  tF2. They are used s u c c e s s f u l l y  i n  test sys tems handl ing  
f l u o r i e a t e d  oxidizers, i n c l u d f n g  LF2, and CRES t ype  304L is one o f  the  
more commonly used f o m t .  
Results from i m e r s i o n  tests (static and strw.tsJe3 samples)  
r evea led  eir;imal rates of c o r r o s i o n .  C o r r o s i o n - r e s l s t a n t  steel e x h i b i t s  
good resistarlce to attack by hydrogen f l u o r i d e ;  the stable f l u o r i d e  films 
formed about  6 f t h i c k  are similar t o  those  formed i n  Wonel (a material 
g e n e r a l l y  ssed in systems employir4 hydrogen fluoride). 
‘ p r o p e r t i e s  and i g n i t i o n  tests, there were no d e t r i m e n t a l  r e s u l t s .  
D u r i n g  mechanical 
During dynamic o p e r a t i o n  w i t h  fluorine flow, t3e p r o p e l l a n t  
feed lines are sub jec t ed  t o  a v a r i e t y  of c o n d i t i o n s  such  as vary ing  f l u i d  
v e l o c l t l e s ,  t w b u l e n c e ,  and i n c r e a a e s  i n  f l u i d  f r i c t i o n  a d j a c e n t  t o  t h e  
walls. Another c r i t i ca l  -0nd l t ion  can occur  d u r i n g  the  eng ine  shutdown 
when the p r o p e l l a n t  s h u t o f f  v a l v e  is c losed .  R e l a t i v e l y  high t r a n s i e n t  
p r e s s u r e s  and shocks (wwater-hammern) are imposed l o c a l l y  n e a r  the  shutoff  
va lve  f o r  several m i l l i e e c o n d s .  
The use o f  CRES 304L prov ides  a su i t ab le  material that  
w i l l  ma in ta in  a uniform p r o t e c t i v e  f l u o r i d e  i ’ i l m  a g a i n s t  c o r r c s i o n  
or o t h e r  a t t a c k  ur.der these seve re  flow c o n d i t i o n s  Grid a material 
t h s t  vi11 meet t h e  needs o f  t h e  a p p l i c a t i o n .  
F l i g h t  system burst  assemblies o f  an all-welded v a r i e t y  
would probsbly use CRES s i m i l a r  t o  t h a t  usod on Viking (VO-751, f o r  
repeatabil i ty o f  performance. The type o f  CRES selected would depend 
upon t he  mechanical r u p t u r e  mode a n t i c i p e t e d .  
For data sources  and/or  summaries, see Refs. 2-6, 2-12, 
3-21 through 3-29 ana 3-31 t3rough 3-33. 
3 . 5 . 4 . 3  --. Comments about  CRES above are 
a p p l i c a b l e  to t h i s  material combinat ion,  a l though these a l l o y s  are of 
d i f f e r e n t  types .  
3-9 
Under NASA C o n t r a c t  NAS7-733, a b i p r o p e l l a n t  all-metal 
s h u t o f f  va lve  was developed for use on the system. 
with LF2 a t  the component l e v e l  and on t h e  feasibil i tv demons t r a t ion  
model demonstrated the a b i l i t y  of t h e  v a l v e  to  meet t h e  d e s i g n  goals 
and material s u i t a b i l i t y  and c o m p a t i b i l i t y .  For data 9ources and/or  
summaries see Refs. 2-6, 3-21, 3-22, 3-30, 3-32, and 3-33. 
' A t e n s i v e  testing 
3.5.4.4 Titani lgp . P r o p e l l a n t  t a n k s  made of t i t a n i u m  a l l o y  have 
been widely used on both manned and unmanned t y p e  s p a c e c r a f t .  
offers the  advantages o f  high strength-to-weight ra t io ,  c o m p a t i b i l i t y ,  
low rates of c o r r o s i o n ,  and well understood f a b r i c a t i o n  p rocesses .  
The mater jd  
S t u d i e s  and a n a l y s e s  of t h e  system, c o n s i d e r i n g  both f e r r o u s  
and nonfe r rous  metals, w e r e  performed r e l a t i v e  t o  the LF2 p r o p e l l a n t  
t a n k  materials. These s t u d i e s  e s t a b l i s h e d  that t i t a n i u m  was t he  prefer:-ed 
metal for the  a p p l i c a t i o n .  
Ti taniwn,  i n  particular the  a l l o y  6A l - 4 V ,  has demonstrated 
e x c e l l e n t  c o m p a t i b i l i t y  i n  c o n t a c t  w i th  LF2. 
have been s u b j e c t e d  t o  long-term s ta t ic  exposure t e s t i n g  wi th  LF2. 
After s i x t e e n  months' exposure,  d e f i n i t i v e  in fo rma t ion  has been e x t r a c t e d  
from t h e  test program regarding c o m p a t i b i l i t y .  Gross p r o p e r t i e s ,  s u c h  
as mechanical p r o p e r t i e s ,  were n o t  s i g n i f i c a n t l y  affected. The nlost 
s i g n i f i c a n t  changes were i n  t h e  form of microscopic  p i t t i n g  on t he  
specimen surfaces. 
Titanium 6A1-4V samples 
There was no evidence of embrf t t lzment .  
Test specimens r e p r e s e n t a t i v e  of t h e  p r o p e l l a n t  management 
d e v i c e  (i.e., s u r f a c e  t e n s i o n  vane type)  are b e i n g  tested f o r  36 months 
i n  l i q u i d  f l u o r i n e .  S i g n i f i c a n t .  features inc lude :  test coupons fabricated 
from 6A1-4V t i t a n i u m  i n  both annealed and heat-treated c o n d i t i o n s ;  
i n v e s t i g a t i o n  of s a r f a c e  effect us ing  pol ished and machined f i n i s h e s .  
The three-year  storage test which w i l l  be completed June 30, 1979, 
h a s  progressed s a t i s f a c t o r i l y .  
Titaniurc is a l s o  being i n v e s t i g a t e d  t o  d e t e n n i m  fracture 
toughness .  Numerous t e s t s  have been conducted by JPL, u s i n g  s t a n d a r d  
stress-crack c o r r o s i o n  procedures w i t h  p a r e n t  metal and heat-affected 
zone (due to welding) s s n p l e s  i n  a h i g h l y  stressed c o n d i t i o n .  Twenty- 
fou r  hour and one thousand-hour durat . ion tests were c o n d x t e d  w i t h  LF2 
er.psure a t  220 N/caZ (315 p s i a ) .  
there was no evidence o f  stress-crack c o r r o s i o n  growth &s a result 
o f  t h i s  t e s t i n g .  R e s u l t s  have been r epor t ed  and publ ished i n  Ref. 3-37. 
The most impor t an t  result is t h a t  
There is some i n d i c a t i o n  i n  the l i t e r a t u r e  t h a t  t i t a n i u m  
i n  LF2 may be  s e n s i t i v e  t o  impact c o n d i t i o n s .  Typical  t es t s  involved 
t h e  impact o f  v a r i o u s  shapes o f  s t r ikers  on impact  p l a t e s  beneath t h e  
l i q u i d  s u r f a c e .  An arbitrary va lue  o f  985 (72 f t . - l b )  energy is used 
a s  t h e  c r i t e r i o n  f o r  e v a l u a t i o n .  The r e s u l t s  r epor t ed  are c o n f l i c t i n g  
and i n c o n c l u s i v e  a t  t h i s  time. 
The primary conc lus ion ,  r e s u l t i n g  from a c r i t i c a l  review 
o f  t he  f l i g h t  o p e r a t i o n a l  f u n c t i o n s  and comparison w i t h  a v a i l a b l e  d a t a  
on r e a c t i v i t y ,  is  t h a t  impact i s  only a secondary c o n s i d e r a t i o n  i n  
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t h e  des ign  o f  t h e  f l u o r i n e  p r o p e l l a n t  tank.  S p e c i f i c a l l y ,  t h e  impact 
source  would r e s u l t  from s h u t o f f  v a l v e  o p e r a t i o n  d u r i n g  engine  f i r i n g ;  
s i n c e  t h e s e  effects f o r  t h e  most part would be damped o u t  l o c a l l y ,  
the  effect on t h e  tank would be minimal. 
Experimental  dynamic f low tests were performed, d u p l i c a t i n g  
s e r v i c e  cond i t ions .  
t o  LF2 f low a t  220 N/cm2 (315 p s i a )  i n t e r n a l  p r e s s u r e  and impacts  r e s u l t i n g  
from the s h u t o f f  v a l v e  o p e r a t i o n  i n  t he  5-25 mi l l i s econd  range. Trans ie , . .  
p r e s s u r e  s p i k e s  peaked a t  600-800 N/cm2 (900-1200 p s i a )  . 
no d e l e t e r i o u s  effects on the t i t a n i u m  spec imtns  as a r e s u l t  o f  these 
tests. 
T e s t  coupons of 6A1-48 titanium were s u b j e c t e d  
There were 
The use  cf t i t a n i u m  a l l o y  is considered f e a s i b l e  fnr t h e  
f l u o r i n e  p r o p e l l a n t  t ank  based upon c o m p a t i b i l i t y  and o t h e r  data gene ra t ed  
t o  d a t e .  For d a t a  sou rces  and/or summaries, zc 2 Refs. 2-6 and 3-26 
through 3-33. 
3.5.4.5 Other Materials. Curren t  va lve  and component development 
for  t h e  Space-Storable  Propuls ion  System (bo th  JPL in-house and con t r ac t ed  
e f f o r t s ,  Ref. 3-38) has inco rpora t ed  other cand ida te  materials as well 
as those  above. These o t h e r  cand ida te  materials inc lude :  
(1 ) A286 high-strength steel 
( 2 )  CRES s t a i n l e s s  s teels  (17-4, selected 300 and 400 t y p e s )  
(3 )  Has ta l loy  B 
(4 )  Inconel  600 
(5) Monel 
( 6 )  Tungsten carbide 
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S E C T I O N  4 
S A F E T Y  CONSIDERATIONS 
4.1 AREAS OF I N V E S T I G A T I O N  
Liquid f l u o r i n e  would be used a t  i n f r e q u e n t  i n t e r v a l s  a t  NASA 
c e n t e r s .  Therefore ,  t h e  exposure o f  c e n t e r  personnel  would be rare, 
occur r ing  on ly  as the r e s u l t  o f  an a c c i d e n t .  F l u o r i n e  could  be released 
either as a slug of  l i q u i d  f l u o r i n e  cr as a concen t r a t ed  puf f  o f  gaseous  
f l u o r i n e .  If a large s p i l l  were t o  occur ,  hydrogen f l u o r i d e  gas would 
also be p r e s e n t  as t h e  r e s u l t  o f  n e u t r a l i z a t i o n  processes and n a t u r a l  
r e a c t i o n  wi th  mois ture  i n  the  atmosphere.  The exposures  could lead t o  
r e l a t i v e l y  high vapor  c o n c e n t r a t i o n s  b u t  for short  time i n t e r v a l s .  
It is the purpose o f  t h i s  s e c t i o n  to  show t h a t  t he  effects 
of p o t e n t i a l  f l u o r i n e  ground s p i l l s  are predictable  and t h a t  safe opera- 
t i o n s  can  be achieved i f  proper  procedures  are fol lowed.  Extens ions  f o r  
safe S h u t t l e  use a l s o  are covered. NASA must be concerned wi th  both  
t h e  a c u t e ,  toxic effects of f l u o r i n e  and t h e  long-term cumula t ive  t o x i c  
effects. 
of a i r  contaminants  may be q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  q u i t e  d i f f e r e n t  
from long-term chron ic  exposure.  Two types o f  exposure  must be  cons idered .  
F i r s t ,  the  s k i n  may be sp lashed  w i t h  l i q u i d  f l u o r i n e ,  or a concen t r a t ed  
j e t  of f l u o r i n e  gas may impinge upon it.. 
of t h e  t o x i c  gas may be inha1ed. l  The target organs or body systems 
which are most s e n s i t i v e  to  short-term exposure t o  t h e  a i r  contaminant  
must be i d e n t i f i e d .  A f u l l  c h a r a c t e r i z a t i o n  o f  t he  n a t u r e  of the  effects 
upon the target area must be made, and t h e  r ange  o f  t ime-concent ra t ion  
r e l a t i o n s h i p s  from t hose  caus ing  no effect tc t h o s e  caus ing  s e v e r e  
i n j u r y  t o  t h e  target areas must be determined.  The m a x i m u m  exposure 
before s e v e r e  or i r r e v e r s i b l e  damage r e s u l t s  should be noted.  It must 
a l s o  be es tabl ished whether any cumulat ive effects acc rue  from repea ted  
short- term exposure.* F i r s t - a i d  procedures  m u s t  be  developed t o  treat  
both dermal burns  and r e s p i r a t o r y  i n t o x i c a t i o n .  These are t h e  tox ico logy  
o b j e c t i % ? s  t h a t  concern NASA,  and they  must be f u l f i l l e d  t o  i n s u r e  
t he  h ighes t  s t a n d a r d s  of s a f e t y  for personnel .  Answers t o  these i s s u e s  
have enabled t o x i c o l o g i s t s  t o  e s t a b l i s h  r a t i o n a l  emergency exposure 
l i m i t s  f o r  f l u o r i n e  or h y d r o f l u o r i c  gas. These l i m i t s  are be ing  used 
as lpaximum exposure limits a t  NASA c e n t e r s .  
The consequences o f  a c u t e  exposure t o  r e l a t i v e l y  high doses  
Second, h igh  c o n c e n t r a t i o n s  
If an  accidectal l i q u i d  f l u o r i n e  release were t o  occur ,  
a u t m a e i c  emergency shut-down systems should be a mandatory requi rement .  
Th i s  assumes t h a t  a dev ice  for measuring t h e  c o n c e n t r a t i o n s  is  i n  c o n s t a n t  
o p e r a t i o n .  NASA r e q u i r e s  m a x i m u m  exposure limits f o r  v a r i o u s  t h e  
lHigh c o n c e n t r a t i o n s  cause  a person t o  hold h i s  b r e & t h ,  and t h e  pungent, 
odor f o r c e s  him t o  f i n d  a quick  e x i t .  
2Cumulative effects are less than  f o r  N 2 O 4 ,  where t h e  nose becomes somewhat 
d e s e n s i t i z e d  t o  N 2 O 4 .  
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i n t e r v a l s  a f t e r  shutdown, i n  which personnel  may s a f a l y  work i n  t he  
s p i l l  area, r e s t o r i n g  it t o  normal ope ra t ion .  These v a l u e s  are to  
be emergency exposure l e v e l s  on ly ;  r e g u l a r  occupa t iona l  exposure l i m i t s  
wotild be s ign ' . f i can t ly  below t h e s e  va lues .  These emergency l e v e l s  may 
create a d iscomfor t  f o r  a s h o r t  time and be i r r i t a t i n g  to  the workers;  
however, t hey  w i l l  not  be so h i g h . a s  to cause i n j u r y  o f  an i r r e v e r s i b l e  
n a t u r e .  
4.2 CHRONIC EFFECTS OF FLUORINE 
Most work d e a l i n g  w i t h  f l u o r i n e  t o x i c i t y  has  cen te red  on 
t h e  ch ron ic  effects caused by long-term exposure (many y e a r s )  t o  abnor- 
ma l ly  high f l u o r i d e  concen t r a t ions .  
exper ienced ,  p r j m a r i l y  by employees of i n d u s t r i e s  t h a t  g e n e r a t e  h i g h  
c o n c e n t r a t i o n s  o f  a i r b o r n e  f l u o r i d e s ,  s u c h  as  s tee l ,  aluminum, and phos- 
pha te  f e r t i l i ze r  manufacturers .  O f  t h e  f l u o r i d e  absorbed,  about  50 
pe rcen t  is r e t a i n e d  i n  t h e  body, w h i l e  t h e  o t h e r  h a l f  is  expel led  from 
t h e  body v i a  t h e  u r i n a r y  system. Ninety-nine percent  o f  t h e  f l u o r i n e  
r e t a i n e d  i n  the body is l o c a l i z e d  i n  the  s k e l e t o n .  Both t he  d e p o s i t i o n  
and e x c r e t i o n  o f  f l u o r i d e s  are very  Tapid,  and tests w i t h  i s o t o p e  f l u o r i n e  
18 have shown t h a t  bone d e p o s i t i o n  is t h e  fas ter  p rocess .  
d e p o s i t i o n  occurs  by an exchange mechanism, where f l u o r i d e  i n  t h e  e x t r a -  
c e l l u l a r  f l u i d s  p a s s i v e l y  exchange w i t h  hyaroxol  groups on t h e  s u r f a c e  
of t h e  bone a p a t i t e .  When t o o  much f l u o r i n e  has been absorbed,  t h e  
symptoms o f  ch ron ic  f l u o r o s i s  become appa ren t :  vague p a i n s  i n  small 
j o i n t s ;  "poker back"; t h e  c a l c i f i c a t i o n  of l i gamen t s  i n  t h e  back, result- 
i n g  i n  t h e  l o s s  of movements; t h i cken ing  of  bone ends can be observed 
i n  X-rays; and i n  extreme c a s e s  bony outgrowth and s p u r s  emanate from 
t h e  bone s u r f a c e .  
Exposures o f  t h i s  type  have been 
F luo r ide  
To prevent  ch ron ic  f l u o r o s i s ,  i n d u s t r i a l  t h re sho ld  exposure 
limits have been e s t a b l i s h e d .  Tnese limits use t h e  bond d e p o s i t i o n  
o f  f l u o r i d e  a s  t h e  i n d e r  t o  gaug? t h e  degree o f  poisoning.  Fxposure 
is assumed t o  occur  f o r  8 hours  a day,  40 hour s  a week and cont inue  
f o r  many years .  The th re sho ld  l i m i t  v a l u e s ,  formulated by the  American 
Conferences of Govexmental. Indus t . r ia1  Hyg ien i s t s ,  Ref. 4-1, are  2 ,  
2, and 2.5 mil.ligrams pe r  c u b i c  meter f o r  gaseoils f l u o r i n e ,  hydrogen 
f l u o r i d e ,  and p a r t i c u l a t e  f l u o r i d e s ,  r e s p e c t i v e l y ;  o r  1 and 3 ppn f o r  
GF2 and HF, r e s p e c t i v e l y .  Research and background material about  t h e  
long-term chronic  e f f e c t s  o f  f l u o r i d e  are r e a d i l y  a v a i l a b l e .  Twc l i t e r a -  
ture reviews con ta in ing  ex tens ive  background informat ion  on t h e  ch ron ic  
e f f e c t s  o f  f l u o r i d e  are g iven  i n  Refs. 4-2 and 4-3. 
e f f e c t s  is inc luded  i n  .4ppendix B. 
A summary o f  t h e  
4.3 EFFECTS OF SHORT-TERM EXPOSURE TO CONCENTRATIONS OF FLUORINE 
Informat icn  about  t h e  pa tho log ica l  e f f e c t s  o f  f l u o r i n e  
dermal burns and t h e  medical t rea tment  o f  these burns  is  widely d i s t r i b u t e d .  
(See Air Force r e p o r t s ,  Refs. 4-4 o r  4-5). 
Three  s t a g e s  o r  types  o f  burning occur when t h e  s k i n  comes 
i n  con tac t  with l i q u i d  f l u o r i n e  o r  a j e t  o f  f l u o r i n e  gas impinges on 
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i t :  ( 1 )  The f l u o r i n e  reacts w i t h  t h e  f l e s h ,  r e s u l t i n g  i n  s e v e r e ,  deep- 
seated burns  t h a t  are slow t o  hea l .  Upon c o n t a c t ,  immediate o x i d a t i o n  
o r  chemical burning of  the f l e s h  occurs, (2) Thermal damage t o  the 
s k i n  r e s u l t s  from t h e  h e a t  genera ted  by  t h e  s k i n - f l u o r i n e  exothermic 
r e a c t i o n ,  and (3) T i s s u e  poisoning may follow, caused by h y d r o f l u o r i c  
a c i d  which is  produced by the  r e a c t i o n  of h ighe r  c o n c e n t r a t i o n s  o f  
f l u o r i n e  w i t h  t h e  mois ture  of t h e  s k i n ,  where t h e  burning o c c u r s  r a p i d l y .  
T issue  poisoning a l s o  can r e s u l t  a t  lower c o n c e n t r a t i o n s  due t o  t h e  
fact  t h a t  mois ture  on t h e  s k i n  r e a d i l y  a b s o r b s  f l u o r i n e  gas. After 
exposure to  f l u o r i n e  gas p u f f s ,  s e v e r a l  h o u r s  may e l a p s e  before t h e  
v i c t i m  becomes aware of t h e  pa in  or  i n j u r y .  
to  those t h a t  r e s u l t  from anhydrous h y d r o f l u o r i c  acid.  The d e l a y  i n  
pa in  and u l c e r a t i o n  make t rea tment  of even s u s p e c t  burns  necessary .  
Imediate medical a t t e n t i o n  w i l l  prevent  u l c e r a t i o n  of t h e  s k i n .  
These s low burns  are similar 
P r i o r  t o  NASA i n t e r e s t  i n  t h e  short-term a c u t e  effects of 
inha led  f l u o r i n e ,  l i t t l e  work had been done i n  t h e  area. I n  1968, a 
NASA-contracted r e p o r t  was published by Kepl inger  (Ref. 4-6). This  i s  
a comprehensive r e p o r t  dealing w i t h  a l l  a s p e c t s  of short-term exposure 
t o  gaseous f l u o r i n e  and the  a c u t e  t o x i c  effects.  
The e x t e n s i v e  i n h a l a t i o n  of high c o n c e n t r a t i o n s  o f  f l u o r i n e  
is considered impossible because o f  t h e  s t i f l i n g  effects  o f  e lementa l  
f l u o r i n e .  Choking and s u f f o c a t i o n  would r e s u l t  i f  relief were delayed 
beyond a few seconds.  Laryngeal and b r o n c h i a l  spasms followed by b r o n c h i a l  
o b s t r u c t i o n  and Ldmonary s w e l l i n g  would r e s u l t .  Blockage is caused 
by s w e l l i n g  of  mucous membranes and t h e  s e c r e t i o n  o f  t e n a c i o u s  mucous. 
F l u o r i n e  c o n c e n t r a t i o n s  of lesser amounts can  be i n h a l e d ,  and t h e  effects  
caused by t h i s  type of exposure have been s t u d i e d .  
It has long been thought  by  people  i n  t h e  f l u o r i n e  i n d u s t r y  
t h a t  t h e  i n d u s t r i a l  t h r e s h o l d  i i m i t  v a l u e s  could  be s a f e l y  exceeded f o r  
s h o r t  p e r i o d s  of time i z  emergency s i t u a t i o n s .  However, no q u a n t i t a t i v e  
work supported t h i s  c o n t e n t i o n  u n t i l  t h e  NASA-sponsored Kepl inger  s t u d y  
(see Appendix C). I n  1969 the  Advisory Center  on Toxicology set emergency 
exposure limits f o r  f l u o r i n e  and hydrog?n f l u o r i d e ,  shown i n  F i g u r e  4-1 
(Ref. 4-71. These emergency l e v e l s  are no t  t o  be encountered d a i l y .  
They may cause p h y s i c a l  d i scomfor t  t o  t h o s e  exper ienc ing  them, b u t  t h e y  
w i l l  not  cause any s e r i o u s  01' permanent p h y s i c a l  i n j u r y .  However, i t  
must be remembered t h e s e  are emergency limits, w i t h  exposure o c c u r r i n g  
on ly  BS t h e  r e s u l t  o f  an unpredic tab le  a c c i d e n t ,  and some minor p h y s i c a l  
i n j u r y  may be incu r red  by personnel .  For  f l u o r i n e  gas t h e  Emergency 
Exposure L i m i t s  (EEL) are shown by t h e  lower cu rve  i n  F i g u r e  4-1. The 
corresponding Threshold L i m i t  Value (TLV) f o r  long-term exposure is  
on ly  1 ppm, where t h e  TLV a p p l i e s  t o  a n  8-hour day,  40-hour week. 
The EEL'S fo r  hydrogen f l u o r i d e  are shown by t h e  dashed  curve i n  the  
f i g u r e ,  and t h e  TLV i s  3 ppm. If excess ive  i n h a l a t i o n  o f  f l u o r i n e  
does  occur ,  t h e  o n l y  recommended t rea tment  i s  t h e  a d m i n i s t r a t i o n  of 
oxygen coupled w i t h  bed rest .  Oxygen should be adminis te red  w i t h  a 
s l i g h t l y  p o s i t i v e  p r e s s u r e ,  f o r c i n g  oxygen past t h e  c o n s t r i c t e d  windpipe 






IRRITATION IN A FEW SECONDS, NO AFTEREFFECTS 1 0 0 ~  
WITH 30 I EXPOSURE 
-&-- NOSE AND E Y E  IRRITATION, COUGHING 
-&-- NOSE AND N E S  VEW IRRITATED 
F i g u r e  4-1. Keplinger F l u o r i n e  Gas Exposure Tests 
20- 
10 
0 -  
4-4 
@+-- SLIGHT N E  IRRITATION --- 
I I I 1 GF2 
 AD'' so% E%R ~ ~ ~ c o ~ G  zL ,7 H L  - 
9_ NO IRRITATION 
The Kepl inger  test r e s u l t s  are g iven  i n  Appendix C and shown by 
p o i n t s  i n  F igu re  4-1. These tests on v o l u n t e e r s  were done w i t h  a mask over  
e y e s  and nose,  which could e a s i l y  be removed by t h e  p a r t i c i p a n t  i f  t o o  aggra- 
ava ted .  Therefore ,  t h e r e  is some ques t ion  about  t h e  nose s e n s i t i v i t y  s i n c e  
t he  v o l u n t e e r s  could s i m i l l  t aneous ly  breathe fresh a i r  through t h e i r  mouths. 
Experience by JPL  d u r i n g  exposures  t o  low c o n c e n t r a t i o n s  o f  
f l u o r i n e  and HF gases is  t h a t  t he  nose is a more s e n s i t i v e  detector than  
the  eyes .  The sense  of smell is very  a c u t e  and the  odors far  more i n t e n s e  
than  from a c h l o r i n e  or ammonia s p i l l .  The format ion  o f  h y d r o f l u o r i c  acid 
wi th  mois ture  on the s k i n  c a u s e s  a t i n g l i n g  s e n s a t i o n  a t  ve ry  low concentra-  
t i o n s .  
can provide  an e a r l y  warning of t h e  presence  of f l u o r i n e  gas. 
The tongue can detect iIF as a ba t t e ry -ac id - l ike  taste,  which a l s o  
The a c u t e  t o x i c  effects of f l u o r i n e  are now well understood.  
The phys ica l  damage caused by dermal burns  and t h e  p a t h o l o g i c a l  
The nose,  eyes ,  s k i n ,  and tongue are t h e  most s e n s i t i v e  d e t e c t o r s  o f  
f l u o r i n e .  
damage caused by the excess ive  i n h a l a t i o n  of gaseous  f l u o r i n e  have been 
documented. 
r e s u l t  i n  damage i o  t h e  lungs .  
and l i v e r ,  bu t  no i n s t a n c e  of such damage has e v e r  been found i n  humans. 
I n h a l a t i o n  of e x c e s s i v e  q u a n t i t i e s  of f l u o r i n e  would p r i m a r i l y  
Minor damag.? may r e s u l t  to the k idneys  
F i rs t -a id  procedures  have been e s t a b l i s h e d  f o r  both dermal 
burns  and r e s p i r a t o r y  i n t o x i c a t i o n .  
u s ing  the  Keplinger paper ,  has es tab l i shed  Emergency Exposure L i m i t s  
for f l u o r i n e .  The a c u t e  effects o f  f l u o r i n e  gas are known, and the  
pa tho log ica l  damage caused by exposure t o  high c o n c e n t r a t i o n s  has  been 
s t u d i e d .  r.*Ats are the upper concent ra t ion- t ime exposures  t o  which 
personnel  may be exposed b e f o r e  i t  becomes necessa ry  to  evacuate  or 
don se l f - coc ta ined  b rea th ing  u n i t s .  These v a l u e s  would be  programmed 
i n t o  NASA moni tor ing  systems a t  l o c a t i o n s  where l i q u i d  f l u o r i n e  w i l l  
be  used. The EEL'S can probably  be  exceeded s a f e l y  t o  a t  least  those  
v a l u e s  sugges ted  by Kepl inger ,  s i n c e  the  EEL'S do c o n t a i n  a margin o f  
s a f e t y ,  which is d e s i r e d  i n  a l l  upper l i m i t i n g  v a l u e s  f o r  t o x i c  subs tances .  
The Advisory Center  on Toxicology, 
4.4 EFFECTS OF FLUORINE SPILLS 
The a c c i d e n t a l  release o f  large q u a n t i t i e s  of l i q u i d  f l u o r i n e ,  
while very  u n l i k e l y ,  would cause  a temporary i n c r e a s e  of f luo r* ides  i n  t h e  
areas a d j a c e n t  t o  t h e  s p i l l  (see Appendix D )  . It is impor tan t  t o  a n t i c i -  
pate t h e  e c o l o g i c a l  impact such a release would cause.  The water de luge  
system and atmospheric  moi s tu re  would r a p i d l y  conve r t  most o f  t h e  f l u o r i n e  
to gaseous hydrogen f l u o r i d e ,  t h e  primary p o l l u t a n t  (see Appendix E), and 
the runof f  water from t h e  deluge system would c o n t a i n  hydro f luo r i c  acid. 
While t h e  major concern is wi th  a i r b o r n e  f l u o r i d e s  (see Appendix F), t h e  
problems a s s o c i a t e d  with water p o l l u t i o n  must a l s o  be cons idered .  
One of N A S A ' s  o b j e c t i v e s  has  been t o  de te rmine  t h e  response  
of pl:>ts, an imals ,  and people  t o  shor t - te rm,  h igh  exposures  of hydrogen 
f l u o r i d e ,  similar t o  those  accanpanying a f l u o r i n e  s p i l l .  The exposure 
l i m i t s  a t  which phyto toxic  ( p l a n t  poison)  damage first becomes appa ren t  
and t h e  maximum exposures  t o l e r a b l e  be fo re  economic loss is i n c u r r e d  
must be determined.  Domestic an imals ,  p a r t i c u l a r l y  ca t t le ,  can s u f f e r  
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a secondary effect  caused by a i r b o r n e  f l u o r i d e s  absorbed by f o r a g e  
c rops ,  which they  then  i n g e s t .  
How much damage w i l l  a l i q u i d  f l u o r i n e  release cause? T h i s  
q u e s t i o n ,  as well a s  t h e  specific concerns f o r  the f l u o r i n e  effects on 
t h s  popt i la t ion ,  t h e  environment ,  t h e  p l a n t  l i f e ,  and t h e  animal  l i f e  
sur rounding  a s p i l l  s i t e ,  w i l l  be d i scussed  i n  t h e  fo l lowing  s e c t i o n .  
Eight  s t u d i e s  which cover  t h e  b i o l o g i c a l  effects o f  f luori .ne 
and hydrogen f l u o r i d e  on p l a n t s ,  an imals ,  and people  are referenced  1.1 
Appenidix B. Also covered are t h e  Emergency Exposure L i m i t s  a l l o w e t ,  
concen t r a t ions  t h a t  could be expected from a large s p i l l  a t  t h e  Kennedy 
Space Center  (KSC), and the decontaminat ion of such a s p i l l .  Only 
temporary effects would be experienced i n  t h e  event  o f  a s p i l l ,  and 
these would be minimized by scrubbing  techniques ;  no  permanent damage 
would result from a s p i l l .  
Emergency p u b l i c  exposure limits must b e  e s t a b l i s h e d ,  w i t h  
t h e  most s u s c e p t i b l e  segment o f  t h e  popu la t ion  be ing  t h e  limiting f a c t o r .  
If  exposure l e v e l s  exceeding t h e s e  limits have a probable  chance o f  
reaching  uncont ro i led  areas and popu la t inns ,  c o n s i d e r a t i o n  w i l l  be 
g iven  t o  emergency and p u b l i c  awareness programs; o the rwise  compla in ts  
about  bad odors  and i r r i t a t i o n s  could be a n t i c i p a t e d .  The presence 
o f  any long-term o r  r e s i d u a l  effects  mus t  a l s o  be  determined.  
4.4.1 Effects on Surrounding P l a n t  Life 
F luor ine  is everywhere i n  man's environment ,  c o n s t i t u t i n g  
from 0.06 t o  0.09 pe rcen t  by weight  o f  t h e  upper l a y e r s  o f  t h e  l i t h o s p h e r e .  
F luo r ine  i s  u s u a l l y  found i n  minera l  forms such as f l u o r s p a r ,  c r y o l i t e ,  
and f l u o r a p a t i t e .  Phosphate rocks  ( a p a t i t e )  a lso c o n t a i n  a great deal 
o f  f l u o r i n e ,  o f t e n  i n  v a r i o u s  f l u o r i d e  compounds, such as  s i l i c o n  f l u o r i d e ,  
which are p r e s e n t l y  uneconmica l  t o  e x t r a c t .  In  s o l i d  samples taken 
throughout  t h e  count ry ,  f l u o r i d e  c o n c e n t r a t i o n s  were found t o  range from 
20 t o  1620 ppm. In  p a r t s  of Tennessee,  s o l i d  f l u o r i d e  c o n c e c t r a t i o n s  a s  
h igh  as 8300 ppm are found. F luo r ide  c o n c e n t r a t i o n s  i n  s u r f a c e  streams 
and r i v e r s  u s u a l l y  range  between 0.02 and 0.10 ppm, but  well water i n  
areas con ta in ing  f l u o r i d e  mine ra l s  have c o n c e n t r a t i o n s  from 1 t o  7 ppm. 
F luor ine  i s  a common element ; however, even when h igh  f l u o r i d e  concent ra -  
t i o n s  are found i n  t h e  s o i l ,  p l a n t  l i f e  suffers  no adverse  e f f e c t s .  
During t h e  normal growth and development o f  most p l a n t  s p e c i e s ,  
ve ry  l i t t l e  f l u o r i d e  is absorbed from t h e  s o i l  o r  water .  I n  pa r t ,  t h i s  
is  due t o  t h e  i n s o l u b i l i t y  o f  f l u o r i d e s  i n  the  s o i l .  When f l u o r i d e  i s  
absorbed through t h e  r o o t s ,  i t  moves through t h e  v a s c u l a r  sys tem o f  t h e  
p l a n t  and is depos i ted  i n  t h e  t i p s  cr marginal  p o r t i o n s  of  t h e  l e a v e s .  
Airborne f l u o r i d e s ,  p a r t i c u l a r l y  hydrogen f l u o r i d e ,  are r e a d i l y  absorbed 
by p l a n t  l e a v e s ,  and it  is by t h i s  means t h a t  c o n c e n t r a t i o n s  caus ing  
phyto toxic  ( p l a n t  po isoning)  damage are in t roduced  i n t o  t h e  p l a n t .  After 
a b s o r p t i o n ,  t h e  f l u o r i d e  is  t r a n s p o r t e d  t o  t h e  a p i c a l  ( t i p s )  o r  margin3.l 
p o r t i o n s  of  t h e  l e a v e s .  Once t h e  f l u o r i d e  has  been  inco rpora t ed  i n t o  t h e  
f o l i a r  ( l e a f )  t issue,  t r a n s l o c a t i o n  t o  o t h e r  p a r t s  o f  t h e  p l a n t  g e n e r a l l y  
does  n o t  occur .  
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Very low expcsures  to  a i r b o r n e  f l u o r i d e s  are known t o  cause 
seve re  phyto toxic  damage. Concent ra t ions  o f  hydrogen f l u o r i d e  well below 
those  t o l e r a t e d  by humans and an imals  w i l l  cause  dramatic p l a n t  i n j u r y  i n  
less than e i g h t  hours .  The p l a n t s  of primary i n t e r e s t  i n  t h e  NASA Ricca 
s t u d y  (Ref. b e ) ,  described i n  Appendix B, were c i t r u s  trees and v a r i o u s  
ornamental  p l a n t s .  In  t h e  area around KSC, s e v e r a l  c i t r u s  g roves  are owned 
by the U.S. government, bu t  t hey  are leased t o  p r i v a t e  concerns.  The com- 
mercial importance o f  c i t r u s  trees i n  F l o r i d a  n e c e s s i t a t e s  t h e i r  i n c l u s i o n  
i n  t h i s  s tudy .  Ornamental p l a n t s  grown i n  t h e  area by p r i v a t e  persons  were 
a l s o  inc luded  i n  the  s tudy .  Damage t o  these p l a n t s  would be o f  less econo- 
mic s i g n i f i c a n c e ,  bu t  mus t  c e r t a i n l y  be cons idered .  F u r t h e r ,  t he  ornamental  
v a r i e t i e s  span t h e  spectrum o f  f l u o r i d e  s u s c e p t i b i l i t i e s ,  enab l ing  t h e  
i d e n t i f i c a t i o n  o f  exposure limits encompassing a broad range  o f  va ry ing  
to l e rances .  The purpose o f  t h e  NASA s tudy  was t o  de te rmine  the  p a r t s  of  
the p l a n t  i n j u r a d  by excess ive  short- term exposures  t o  hydrogen f l u o r i d e  
and t o  ca t a logue  the n a t u r e  and e x t e n t  o f  damage done t o  the  target area. 
It is impor tan t  t o  exp lo re  a range  of exposures ,  from l e v e l s  a t  which no 
phyto toxic  effects occur t o  l eve l s  caus ing  s e v e r e  damage and e c o m n i c  l o s s .  
The TRW Systems and Boyce Thompson I n s t i t u t e  f o r  P l a n t  Research 
s t u d i e s  (Ref. 4-91 o f  hydrogen f l u o r i d e  effects on v a r i o u s  p l a n t  s p e c i e s  
n e a r  KSC are described i n  Appendix B. 
p l a n t s  and could cause the l o s s  o f  a c i t r u s  c rop  i f  i t  occur s  i n  t h e  
spr ingt ime.  
A s p i l l  would damage l e a v e s  o f  
In  summary, a i r b o r n e  f l u o r i d e s  can cause temporary damage 
t o  c i t r u s  and ornamental  p l a n t s ,  b u t  no permanent damage would r e s u l t .  
4.4.2 Effects on Surrounding Animal Life 
The i n t r o d u c t i o n  o f  a i r b o r n e  f l u o r i d e s  i n t o  the environment 
has  a known secondary effect  on fo rag ing  an imals .  When p a s t u r e s  are 
fumigated w i t h  f l u o r i d e s ,  t h e  fo rage  c rops  abso rb  and s t o r e  t h e  f l u o r i d e s  
i n  t h e i r  l eaves .  R e l a t i v e l y  h igh  c o n c e n t r a t i o n s  o f  hydrogen f l u o r i d e ,  a 
few ppm, may reach pastures i n  t h e  even t  o f  a n  a c c i d e n t a l  release o f  
l i q u i d  f l u o r i n e  a t  KSC. While these exposures  would no t  be h igh  enough 
t o  cause a c u t e  damage t o  an imals ,  i t  must  be cons idered  whether any 
ch ron ic  long-term damage would resul t .  
T h i s  secondary e f fec t ,  c a l l e d  f l u o r o s i s  ( f l u o r i d e  po i son ing) ,  
s t r ikes  p r i m a r i l y  c z t t l e  and is observed i n  areas t h a t  have h d u s t r i e s  
tha t  d a i l y  i n t r o d u c e  a i r b o r n e  f l u o r i d e s  i n t o  the  environment.  I n d u s t r i e s  
shown t o  be r e s p o n s i b i e  f o r  t h e  chronic  t o x i c i t y  problem i n  l i v e s t o c k  
are l i m i t e d  t o  aluminum, s tee l ,  phosphate ,  and b r i c k .  Symptoms of 
f l u o r o s i s  i nc lude  reduced food consumption, decreased  mi lk  product ion ,  
c a l c i f i c a t i o n  of l igamenLs, and increased  inc idence  o f  lameness and 
bone e x o s t o s i s  (bone s p u r s ) .  S ince  c a t t l e  are the  most s u s c e p t i b l e  
an imals  t o  f l u o r o s i s  and most economic damage has occurred  t o  t h e  c a t t l e  
i n d u s t r y ,  many s t u d i e s  have been done on t h e  ch ron ic  f l u o r i d e  poisoning  
o f  c a t t l e .  F luo r ide  c o n c e n t r a t i o n s  o f  93 ppm have been inges t ed  f o r  
2.5 t o  3 y e a r s  be fo re  t h e  first v i s i b l e  symptoms of f l u o r o s i s  appeared. 
D i e t a r y  poisoning  is a long-term process .  
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The a c c i d e n t a l  release of f l u o r i n e  a t  KSC i s  so u n l i k e l y  
t h a t  fumigat ion  o f  f ie lds  wi th  HF wor;ld be e s s e n t i a l l y  a one-time occur-  
r e n c e  (Ricca s t u a y ,  Ref. 4-8; see a l so  Appendix ?!. While the ca t t l e  
would be consuming inc reased  c o n c e n t r a t i o n s  of f l u o r i d e s  for a s h o r t  
time, these l e v e l s  would no t  be main ta ined  for v e r y  long .  Add i t iona l  
fumigat ion would n o t  occur, and as t h e  gr2ss c o n t i n u e s  t o  grow and 
t o  be e a t e n ,  the  concent ra t ior . s  decrease. E?: Jmic damsge t o  d-.iry 
ca t t l e  i n  t he  KSC area would n o t  r e s u l t  from t h i s  secondary effect .  
Concen t r a t ions  of a i r b o r n e  HF t h a t  cause  r e s p i r a t o r y  i r r i t a t i o n  w i l l  
no t  reach c a t t l e  around KSC. 
The i n c o r p o r a t i o n  of f l u o r i d e s  i n t o  p l a n t  f o l i a r  t i s s u e  is 
a ve ry  complicated process .  
absorbed by t h e  fol iar  t i s s u e  and t h -  vapor  c o n c e n t r a t i o n  o r  d u r a t i o n  o f  
sxposure  has  been determined.  
No c o r r e l a t i o n  between t h e  amount of f l u o r i d e  
I n  summary, there would be no short-term effect  cjn ca t t l e  
from a f l u o r i n e  s p i l l  s i n c e  f l u o r o s i s  takes n e a r l y  three y e a r s  t o  deve lcp .  
4.4.3 Effects on t h e  Surrounding Popu la t ion  
Act ive volcanoes  are the  on ly  known n a t u r a l  sou rce  cf gaseous  
hydro,en f l u o r i d e .  Many i n d u s t r i a l  processes release gaseous  HF i n t o  
t h e  atmosphere. The gas is an e f f l u e n t  of i n d u s t r i e s  such  as  aluminum 
r e d u c t i o n ;  phosphate  f e r + . i l i z e r  manufactur ing;  petroleum r e f i n i n g ;  
manufactur ing of f luorocarbon canpounds; and t h e  making o f  b r i c k ,  
p o t t e r y ,  glass, and ceramics. Within t h e  p a s t  decade, a n o t h e r  p o t e n t i a l  
sou rce  of atrcospheric  HF ha.. appeared:  t h e  l i q u i d  p r o p e l l a n t  rocket 
employing o x i d i z e r s  c o n t a i n i n g  f l u o r i n e .  I n  t h e  even t  o f  t h e  a c c i d e n t a l  
release o f  any of these l i q u i d  o x i d i z e r s  i n t o  t h e  atmosphere,  which 
would almost c e r t a i n l y  be  a t t ended  by f i r e ,  one o f  t h e  r e s u l t a n t  p roduc t s  
would be hydrogen f l u o r i d e .  
Liquid f l u o r i n e  s p i l l s  may r e s u l t  i n  unpredic  cab le  s h o r t -  
term exposure of the  g e n e r a l  pub l i c  to  hydrogen f l u o r i d e .  Unpredic tab le  
shor t - te rm exposures  w i l l  occur  when p o l l u t a n t s  are released i n  an  
uncon t ro l l ed  manner, a t  unpred ic t ab le  times and places as t h e  r e s u l t  
o f  a c c i d e n t s  such as damage to  t r a n s p o r t a t i o n  equipment, f i re  i n  a 
chemical storage f a c i l i t y ,  or the r u p t u r e  o f  a p r o p e l l a n t  tank .  Even 
fer sach c i rcumstances ,  i t ,  should be p o s s i b l e  t o  p r e d i c t  w i t h  f a i r  
accuracy  t h e  va ,* ie ty  of probable c o n d i t i o n s  of an  a c c i d e n t  and hence 
t o  p r e d i c t  t he  cor responding  exposure parameters .  An i n a d v e r t a n t  release 
would be cons idered  an a c c i d e n t  i n  its effects  upon Cape pe r sonne l ,  who 
would be t r a i n e d  i n  emergency procedures  t o  minimize i n j u r y  t o  themselves  
and f ac i l i t i e s .  Pub l i c  emergency e x p o s u r e \ l i m i t s  r e l a t i n g  t o  unpredic t -  
able  exposures  of t h e  popu la t ion  Yurrounding t h e  Cape should r e s u l t  i n  
on ly  minor and r e v e r n i b l e  i n j u r y  to  segnen t s  of t h e  unpro tec ted  popula- 
t i o n .  Undes i rab le  e s the t i c  effects  ( such  as  o b j e c t i o n a b l e  odor s  o r  
c l o t h i n g  damage) should a lso be cons idered  b u t  on a lower p r i o r i t y  basis .  
Pub l i c  exposure limits ( P E L )  have been formulated a t  h a l f  
t h e  Kepl inger  v a l u e s  by t h e  Advisory Center  on Toxicology w i t h  t h e  
above c o n s i d e r a t i o n s  i n  mind. The PEL'S assume t h a t  some temporary 
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d i s c o a f o r t  ffiay occur to segments o f  t he  p u b l i c  but  t h a t  any  effect 
r e s u l t i n g  f:wn the exposure is r e v e r s i b l e  and wi thout  r e s i d u a l  damage. 
The pub l i c  exposure l i m i t s  of the Advisory Center  on Toxicology, which 
are shown i n  F igure  4-2, are not  reached u n t i l  30 minutes  after a s p i l l ,  
a l lowing  time for l o c a l  evacuat ion .  An a d d i t i o n a l  few hours  would be 
r equ i r ed  before  the r e s i d e n t s  cculd  r e t u r n  t o  t h e  area. 
The Ricca s t u d y  also p o i n t s  out t h a t  hydro f luo r i c  a c i d  is 
formed from the water sp ray  us& to  d i l u t e  t h e  hydrogzn f luoride from a 
s p i l i .  I n  t h e  past has been used t o  n e u t r a l i z e  t he  acid but  is 
d i f f i c u l t  to  clean up afterward. Charcoal sc rubbe r s  also have beer! sed 
t o  absorb LF2 but  need an i n i t i a l  d r y  n i t r o g e n  purge to  minimize a 
t endemy towards exp los ive  burning.  
Hore r e c e n t  f a c i l i t y  improvements a t  t h e  Jet Propuls ion  Lab- 
o r a t o r y  - Edwards T e s t  S t a t i o n  (ETS) have u t i l i z e d  a 2% haOH s o l u t i o n  as 
a water fog spray.  IE a w n t r c l l e d  closed-loop sc rubbe r  system, i t  has 
been demonstrated t h a t  94.92 of t h e  f l u o r i n e  i n t r d u c e d  i n t o  t h e  system 
can be captured by r e a c t i o n  with t h e  k O H  s o l u t i o n  a s  a s o l u b l e  NaF. A l l  
preplanned ven t ing  releases of f l u o r i n e  a t  t h e  JPL-ETS occur through t h i s  
s c rubbe r  system. It is therefore recommended t h a t  a NaOH s o l u t i o r .  be used 
as the fog sp ray  dellae for a l l  f l u o r i n e  testing. Much more f l u o r i n e  
would be trGpped, r e s u l t i n g  i n  a s i g n i f i c a n t  r e d u c t i o n  o f  t he  a i r b o r n e  
coQtaminan ts . 
A s  p rev ious ly  s ta ted,  the  release and disbursement  occur i n  
a very  s h o r t  per iod of time, n a k i r a  i t  mandatory to  app ly  the  c o n t r o l l i q  
medium almost  i n s t a n t l y  ( i .e. ,  au tomat i ca l ly )  and t o  close G r ' f  t h e  release, 
i f  poss.iLle. A hot-wire (electrical)  c i r c u i t  has been inco rpora t ed  by 
JFL-ETS on a l l  o f  t h e  f luo r ine -ca r ry ing  elements .  Therefore ,  i f  any  un- 
i n t e n t i o n a l  f l u o r i n e  release occur s ,  t h e  hot-wire c i r c u i t  is broken and 
an  automatic  predetermined emergency s h u t o f f  c o n t r o l  system is a c t i v a t e d ,  
whizh can inc lude  a fog sp ray  deluge.  These techniqucs  have been success -  
f u l l y  used f o r  s e v e r a l  yea r s .  (See Appendix G f o r  procedures  used by JPL. )  
In  s u m a r y ,  automatic s h u t o f f  d z v i c e s  and water scrubbing  
w i t h  NzOH are recommznded t o  minimize short- term effects from a c c i d e n t a l  
f l u o r i n e  s p i l l s .  
4.5 FLUORINE ACCIDENTS AND INCIDENTS 
There were a number o f  s e r i o u s  a c c i d e n t s  w i t h  f l u o r i n e  
be fo re  1970. Docsmentation on e a r l y  accidents  is ,  however, n o t  r e a d i l y  
ava i l ab le ,  and p r e c i s e  r easons  are not  always obvious;  o f t e n  s e v e r a l  
p o s s i b i l i t i e s  fo r  the  cause o f  these e a r l y  a c c i d e n t s  are hypothesized.  
References 4-10 and 4-11 are t y p i c a l  as are D t h e r s ,  such as  t h e  e a r l y  
experiences of  LeFC, MSFC, and RocketdyIle w i t h  FLOX, f l u o r i n e ,  and 
OF2/dibordne. 
were l i s t e d  as t h e  primary causes o f  these a c c i d e n t s .  
Component materials, l a c k  o f  c l e a n l i n e s s ,  and procediires 
JPL  has had access t o  these reviews and bene f i t ed  from these 
e a r l y  exper iences  of  o t h e r s  and h a s  a l so  handled  s i z a b l e  amounts o f  
f l u o r i n e  s i n c e  1963, i nc lud ing  tests f o r  the Air Force,  w i t h  on ly  minor 
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i n c i d e n t s .  Typica l  of an i n c i d e n t  a t  JPL is Ref. 4-12, where the  proce- 
d u r e s  were not  followed. A s  a r e s u l t ,  f l u o r i n e  was t rapped and p r e s s u r e  
inc reased  (a normal Occurrence i n  any cryogenic  sys tem) .  Techn ic i ans  
nearby first heard s h a r p  cracks. A f a c i l i t y  va lva  and l i n e  leaked, 
sp ray ing  f l u o r i n e  on a flometer, and a f i r e  was i n i t i a t e d .  Automatic 
s h u t o f f  precluded any e x t e n s i v e  damage. 
4.6 CGRRENT INVESTIGATIONS 
A number of i n v e s t i g a t i o n s  are c u r r e n t l y  under s t u d y  which 
are of v i t a l  importance to the even tua l  use  of a fluorine-hydrazine space- 
storable propuls ion  system on board the S h u t t l e .  They are described 
b r i e f l y  i n  t h i s  s e c t i o n  to show t h e  on-going f l u o r i n e  s a f e t y  a c t i v i t y  
r equ i r ed  to provide conf idence  i n  f l u o r i n e  o p e r a t i o n s .  
Vapor detector e v a l u a t i o n ,  s a f e t y  s u i t  development, and 
cryogenic  ground-support i n v e s t i g a t i o n s  are e v a l u a t i o n s  of v a r i o u s  
c u r r e n t  equipment t y p e s  i n  use a t  f l u o r i n e  ground test fac i l i t i es  and 
are e s s e n t i a l  f o r  safe handl ing  o f  f l u o r i n e  d u r i n g  i n t e g r a t i o n  i n t o  
t h e  S h u t t l e .  The on-board temperature c o n t r o l  i n v e s t i g a t i o n  i n c l u d e s  
a s t u d y  of a p p l i c a t i o n s  for d i f f e r e n t  p ropu l s ion  conf igu ra t ions .  The 
s t r u c t u r a l  i n v e s t i g a t i o n  i n c l u d e s  a s t u d y  of v a r i o u s  s t r u c t u r a l  corcepts 
f o r  r e t a i n i n g  t anks  d u r i n g  ar. emergency l a n d i n g  and t h e  f e a s i b i l i t y  of 
i n t e g r a l  and double-wall t a n k  concepts .  The need for  c o m p a t i b i l i t y  of t h e  
S h u t t l e  t i l e s  w i t h  t h e  f l u o r i n e  is being  i n v e s t i g a t e d  i n  t h e  even t  t h e  
above s t r u c t u r a l  i n v e s t i g a t i o n  should show a p r o p e l l a n t  dump r e q u i r e d  to 
a s s u r e  s a f e t y  upon emergency landing .  An e n v i x n m e n t a l  s t u d y  is inc luded  
t o  show possible effects from var ious  p o t e n t i a l  f l u o r i  -e atmospheric dumps. 
Support  also is  being g iven  tc Payload S a f e t y  Reviews w i t h  JSC (on t h e  
payload)  and KSC (on grotind) ope ra t ions .  
Results of these i n v e s t i g a t i o n s  are conf i rming  tha t  f l u o r i n e  
sys t ems  can be s a f e l y  handled.  
4.6.1 Fluor ine  Vapor De tec to r s  
Exper iences  x l t h  f l u o r i n e  t o x i c  l e v e l  d e t e c t o r s  i n  t h e  past  
have been u n s a t i s f a c t o r y  for v a r i o u s  reasons .  They either have t h e  
s e n s i t i v i t y  required b u t  are ve ry  i n c o n s i s t e n t  or prone t o  over load/  
mal func t ion  due to  t h e  f l u o r i n e  r e a c t i o n s  degrading  t h e  de l ica te  i n t e r n a l  
system, or are s t a b l e  and compatible  enough but  l ack  t h e  d e s i r e d  s e n s i -  
t i v i t y .  One u n i t ,  t h e  TVM-1 Toxic Vapor De tec to r ,  b u i l t  by General  
r ’ectr ic  a t  t h e  Lyr:., Massachuse t t s ,  p l a n t ,  e x h i b i t s  t h e  b e s t  o v e r a l l  
c h a r a c t e r i s t i c s  and chanccs f o r  s a t i s f y i n g  some of t h e  s a f e t y  r equ i r emen t s  
of the  f l u o r i n e  f a c i l i t i e s  and o p e r a t i o n s .  It s h o u l d  g i v e  s a t i s f a c t o r y  
h i s to r i ca l  d a t a  as  to  t h e  t o x i c  l e v e l s  i n  m u l t i p l e  l o c a t i o n s  around a 
f l u o r i n e  source, e s t a b l i s h i n g  and v e r i f y i n g  t h e  l e v e l s  ( t o  <1 ppm). 
A weakness i n  t h e  p re sen t  des ign  i s  t h e  time lag  (approximate ly  two 
minutes)  from t h e  t ak ing  of  an a i r  sample and t h e  r e s u l t a n t  readoir t .  
T h i s  i s  s a t i s f a c t o r y  f o r  moni tor ing  work a r e a s  f o r  low l e v e l s  i o  v e r i f y  
and e s t ab l i sh  working c o n d i t i o n s .  However, there is a need f o r  a system 
w i t h  a much qu icke r  response  t o  i n d i c a t e  s l i g h t l y  h igher  t o x i c  l e v e l s  
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of an emergency n a t u r e .  
va lve  with a qu icke r  response  for its system. The hot-wire detector pre-  
v i o u s l y  d i scussed  can p rov ide  an immediate response  for c r i t i ca l  l c c a t i o n s .  
The C e n t r a l  E l e c t r i c  Co. is  working on a sequencing  
Other sys tems tested inc luded  t h e  " B i l l i o n a i r e "  system from 
n i n e  S a f e t y  Appliances CC. and the  "Draeger' u n i t  from Nat iona l  Draeger, 
Inc. The " B i l l i o n a i r e "  system is more s e n s i t i v e  b u t  its r e p e a t a b i l i t y  
is poor, r e q u i r i n g  an e l a b o r a t e  purging p rocess  t o  r e i n i t i a t e  it. The 
"Draeger" u n i t  is not  s e n s i t i v e  enough and r e q u i r e s  manual o p e r a t i o n .  
A c o n t i n u i n g  search is being  conducted to f i n d  a system t h a t  responds  
more quick ly .  I d e n t i f i c a t i o n  is be ing  made of the  development r e q u i r e d  
to meet s e n s i t i v i t y ,  r e p e a t a b i l i t y ,  r a p i d i t y ,  and automation s p e c i f i c a t i o n s  
to  a s s u r e  f l u o r i n e  o p e r a t i o n s  t ha t  are safe for personnel  and t h e  f a c i l i t y .  
Normil and emergency procedures  c u r r e n t l y  be ing  used by JPL 
a t  the Edwards Tes t  S t a t i o n  "C" Stand are covered in Appendix C. This  
i n c l u d e s  a d e s c r i p t i o n  of t h e  au tomat i c  and remote s a f e t y  sys tems which 
have proven e f f e c t i v e  in service. 
4.6.2 F luo r ine  Sa fecy  S u i t s  
A con t inu ing  search f o r  an improved f l u o r i n e  s a f e t y  s u i t  of 
v a r i o u s  materials has been carried o u t  ove r  the  past s e v e r a l  yea r s .  
Personnel  from ETR have c o n t r i b u t e d  samples t o  JPL for e v a l u a t i o n  and ,  
i n  t u r n ,  have performed p e m e a t i a n  t es t s  on JPL-selected materials. 
Beta  c lo th  (#389-7 B e t a  glass fabric) ( R I 1  impregnated wi th  Tef lon  (R),2 
has  proven to be t h e  most s u c c e s s f u l  material to d a t e ,  s i n c e  i t  satisfies 
t h e  requi rements  of c a n p a t i b i l i t y  and sp la sh -pene t r a t ion  r e s i s t a n c e  
( p o r o s i t y )  a i d  is also reascnab ly  l i g h t  and f l e x i b l e .  Material was 
procured and shipped to  Dixon S a f e t y  Products ,  Chicago, I l l i n o i s ,  and 
a p ro to type  test p r o p e l l a n t  'handling s u i t  was fabricated and d e l i v e r e d  
t o  JPL. Exposure tests d i d  s.%w saoe r e a c t i o n  a t  t h e  seams w i t h  t h e  
sewing threads o r i g i n a l l y  used ,  and la te r  a new F luorog la s s  (R75;-18: 
thread was used. S a e  a d d i t i o n a l  s e a l i n g  of s t i t c h i n g  may be accomplished 
w i t h  Tef lon  !R) c o a t i n g s .  It is expected t h a t  t h i s  s u i t  w i l l  e s t a b l i s h  
t h e  material and des ign  for ase i n  t h e  f a b r i c a t i o n  of LF2-propel lant  
handl ing  s u i t s .  Th i s  a p p l i c a t i o n  is for unconfined area a c t i v i t i e s  bu t  
probably could also be used i n  t h e  manufacture  of a s t r m a u t  type  s u i t s  
w i t h  head cover  and a i r  supp ly  (scape s u i t s ) ,  i f  deemed a requi rement .  
Other materials which have been teFteC1 inc lude  Armalon 
Lawson material ( R )  ,2 Viton ( R )  ? 2  Nomex ( R ) *  ( f i r e  s u i t  material), and 
v a r i o u s  g love  materials. Most of t h e s e  were Tef lon  ( R )  impregnated o r  
backed and resisted f l u o r i n e  i n  va ry ing  degrees. C l e a n l i n e s s  is  an 
u l t i m a t e  requirement  to  prevent  i g n i t i o n ;  on ly  Beta c lo th  (R), Lawson 
material ( R )  and Armalon ( R )  r e s i s t e d  f l u o r i n e  burns  when contaminated 
'Beta glass fabric is a trade name of Owens-Corning F i b e r g l a s s  Corp. 
2Tef lon ,  Armalon, Lawson material, Vi ton ,  and Nomex are t r a d e  names of 
E . I .  du Pont de Nemours b 0. 
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w i t h  glue ( o n l y  t h e  g l u e  burned) .  Armalon w i t h  Tef lon  was too s t i f f ,  
p u t t i n g  stress on the Tef lon ,  whereas the Lawson material was too rubbery.  
Beta c l o t h  has t h e  bes t  f l e x i b i l i t y  for  s u i t s .  
4.6.3 Cryogenic Ground-Support Equipment (GSE 1 
Various approaches for main ta in ing  t h e  l i q u i d  f l u o r i n e  a t  -193OC 
(80 K) or  lower d u r i n g  prelaunch o p e r a t i o n s  are be ing  reviewed, i n c l u d i n g  
earlier i n v e s t i g a t i o n s  by o t h e r  o r g a n i z a t i o n s  on t h i s  s u b j e c t .  O the r  
requi rements  to  be met includt! prelaunch h o l d  f o r  s e v e r a l  weeks, no 
v e n t i n g  or topping of f l u o r i n e .  no f ros t  bui ldup,  p o r t a b i l i t y  a t  t h e  
Cape,  and c a p a b i l i t y  to  i n t e g r n t e  w i t h  the  S h u t t l e  on pad and a f t e r  
abor t  on t h e  ground. 
D i f f e r e n t  cooling approaches i n c l u d e  LN2 (open or c losed  loop) ,  
subcool ing  LN2 (by v e n t i n g  or us ing  he l ium) ,  and refrigerators. 
loop LN2 system is t h e  least  expensive,  closed loop  LK2 is  more c o s t l y ,  
and subcao l ing ,  which may be b e n e f i c i a l  because of t h e  added thermal i n e r -  
t i a  of many hours ,  is a d d i t i o n a l  cost. Refrigerators r e q u i r e  c o n s i d e r a b l e  
e lectr ical  power (1-2 k i lowat t s )  and are t h e  mcst expensive because o f  
development cost. 
The open 
The foam i m u l a t i o n  ( 3 . 8  cm, i .e. ,  1.5 in. t h i c k )  on t a n k s  azd 
l i n e s  e l i m i n a t e s  frost bui ldup.  Foth polyurethane and poiybtnz:nidazole 
( P B I )  foams {about  32 kg/m3, i .e . ,  2 l b m / f t 3 )  are beicg consia?rf?d, where 
t h e  l a t t e r ,  because o f  its r e s i s t a n c e  t o  f i r e  in t k  e.;ent of a f l u o r i n e  
leak  (Ref. 3-37), w i l l  be used cn t h e  LF2 tan!< i t s e l i .  Polyuret.narle w i l l  
be used elsewhere because o f  i ts foam-in-place ease of i n s t a l l a t i o n ,  
w h i l e  PBI w i l l  be ipstalled as p recu t  b locks  bonded tegether. 
4.6.9 Temperature Con t ro l  On B G a r d  t h e  S h u t t l e  
The warmup o f  t h e  LF2  a f te r  d i s c o n n e c t i n g  t h e  above CSE, 
through launch,  i n  o r b i t ,  and d u r i n g  an a b o r t  r e t u r n  is  be ing  i n v e s t i g a t e d  
under t h i s  t a s k .  Two g e n e r i c  spacecraf t - type  c o n f i g u r a t i o n s  c o n s i s t i n g  
o f  two t a n k s  and four t a n k s ,  r e s p e c t i v e l y ,  as  well as  t h e  i n t e g r a l  p ressur -  
a n t  tank concep t ,  are inc luded .  Effects  of shrouds  ( s h i e l d i n g ) ,  subcool- 
i ng  of LF2 ,  or p o s s i b l e  s l u s h i n g  are be ing  considered for t h e  b e s t  thermal 
i n e r t i a  e f f e c t i v e n e s s .  T h i s  r e s u l t s  i n  t h e  l e a s t  r a p i d  tempera ture  r ise 
t o  130 K (-220'F) o r  a p r e s s u r e  o f  about 300 N/cm2 (450 p s i a )  b e f o r e  
opening of doors and deployment from t h e  S h u t t l e ,  o r  r e t r i e v a l  i n  an 
a b o r t  and r e t u r n  s i t u a t i o n .  
S e v e r a l  feas ib le  approaches e x i s t  f o r  t . h i s  miss ion  phase ,  
and t h i s  t a s k  is to  determine t h e  b e s t .  Related temperature  c o n t r o l  
s t u d i e s  are included i n  Refs. 4-13 and 4-14. 
4.6.5 S t r u c t u r e  f o r  Emergency Landing 
S t r u c t u r a l  approaches for  containment of  f u l l  t a n k s  d u r i n g  
an emergency l a n d i n g ,  rather than p r i o r  dumping, a r e  being i n v e s t j g a t e d  
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under t h i s  task. Tension-cable suppor t  is a n  i n i t i a l  concept  be ing  
s t u d i e d ,  which promises t o  be 1Qhtweight.  The t a n k - s t i f f e n i n g  weight 
p e n a l t y  r e q u i r e d  for launching  unpressur ized ,  double-walled t anks  to  
minimize a f l u o r i n e  l e a k  and t h e  p o s s i b l e  b e n e f i t  of a shroud are a l s o  
be ing  s t u d i e d  under t h i s  t a sk .  
concept  is the b a s e l i n e  f o r  t h i s  i n v e s t i g a t i o n  as well as f o r  thermal 
con+,rol s t u d i e s  noted above i n  S e c t i o n  4.6.4. 
The i n t e g r a l  p r e s s u r a n t  and f l u o r i n e  t ank  
4.6.6 S h u t t l e  Tile Compa t ib i l i t y  with F luo r ine  
T h i s  i n v e s t i g a t i o n  w i l l  be con t ingen t  upon t h e  results from 
S e c t i o n  4.6.5 above. If safe containment  o f  f l u o r i n e  i n  t h e  event  of a n  
a b o r t  cannot  be a s su red ,  then  t h e  effect o f  a p r i o r  dumping of LF2 on the 
S h u t t l e  thermal  t i l e  w i l l  be i n v e s t i g a t e d .  
4.6.7 Environmental  Study 
An environmental  s tudy  of t h e  effects from a p o s s i b l e  atmo- 
s p h e r i c  dump of f l u o r i n e  i n  t h e  event  of a n  a b o r t  is reported i n  Ref. 4-15. 
Because o f  Lhe r e l a t i v e l y  low c o n c e n t r a t i o n s  involved ,  t h e  p red ic t ed  effect  
on t h e  r educ t ion  o f  s t r a t o s p h e r i c  ozone is ext remely  small. No adve r se  
environmental  impacts  are p red ic t ed  f o r  an ionosphe r i c  i n j e c t i o n  o f  
f l u o r i n e .  Similar r e s u l t s  were found f o r  a p o s s i b l e  dump of t h e  space- 
r t o r a b l e  hydraz ine  f u e l .  
4.6.8 Payload S a f e t y  Reviews 
A pre l iminary  Phase Zero Payload S a f e t y  Review was he ld  a t  
t h e  JSC S h u t t l e  Payload I n t e g r a t i o n  and Development Program Office (SPIDPO) 
on October 18, 1978. Futu re  meetings w i l l  be held wi th  KSC on suppor t  
equipment and ground o p e r a t i o n  s a f e t y  and wi th  JSC t o  f u r t h e r  d e f i n e  
hazards and testing requ i r ed  t o  g i v e  a s su rance  o f  safe o p e r a t i o n s  wi th  
f luo - ine ,  bo th  on the ground and i n  f l i g h t .  
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SECTION 5 
FLUORINE USAGE BY THE DEPARTMENT OF DEFENSE 
The Department of Defense h a s  been sponsor ing  chemical laser 
s t u d i e s  which use f l u o r i n e  and its compounds for  space  a p p l i c a t i o n s  (see 
Ref. 2-12). The Advanced Research P r o j e c t s  Agency (ARPA) earlier spon- 
sored t h e  Space Laser Experiment D e f i n i t i o n  (SLED) program, i n  which 
Rocketdyne s t u d i e d  the  use  of LF2, GF2, OF2, and 'up3. Recent ly  the  A i r  
Force has  sponsored c o n t r a c t s  t o  TAW and B e i l  Aercspace to s t u d y  a p p l i -  
c a t i o n s  of NF3 f o r  lasers i n  space.  From a s a f e t y  v iewpoin t ,  t h e  hand l ing  
of s i z a b l e  amounts of NF3 on board the S h u t t l e  w i l l  be almost as d i f f i c u l t  
as t h e  handl ing  of LF2. 
b a s i c  problem for  NF3. 
of L.F2 or  GF2 t o  be Lsed as a n  i g n i t e r  for the  NF3 is  also cons idered .  
The safe handl ing  procedures  should be F imi l a r  to t h o s e  for t h e  space-  
s t o r a b l e  p r o p e l l a n t s  above. 
I m p u r i t i e s  which can  cause  i t  t o  d e t o n a t e  are a 
Transpor t ing  on board the  S h u t t l e  small amounts 
The Navy is i n v e s t i g a t i n g  t h e  use  of f l u o r i n a t e d  compounds for 
laser a p p l i c a t i o n s  aboard s h i p .  The s a f e t y  of personnel  w i l l  be enhanced 
by t h e  r e a d i l y  a v a i l a b l e  seawater, which can be used for  emergency s p i l l s .  
A comparison of NF3 and F2 is  shown i n  Table  5-1, which 
i n c l u d e s  thermal  p r o p e r t i e s  and other s a f e t y  aspects f o r  on-board S h u t t l e  
use  (Ref. 5-1 c o n t a i n s  e x t e n s i v e  NF3 data) .  F l u o r i n e  has  a lower b o i l i n g  
p o i n t  and a higher vapor  p r e s s u r e ,  b u t  these d i sadvan tages  are offset by 
its higher  heat c a p a c i t y  (warms up more s lowly)  and h i g h e r  thermal  con- 
d u c t i v i t y  (lower thermal g r a d i e n t s ) .  
has  been f o c m e d  on t h e  s t o r a b i l i t y  of l i q u i d  f l u o r i n e ,  which r e q u i r e s  
better thermal  i s o l a t i o n  from heat sources .  The f r e e z i n g  p o i n t  and 
c r i t i ca l  tempera ture  o f  F2 are lower, whereas t h e  rest of the thermal 
p r o p e r t i e s  are about  t h e  same as for NF3. 
An on-going s t u d y  and d e s i g n  e f f o r t  
Other  s a f e t y  a s p e c t s  i n  t h e  lower h a l f  of Table 5-1 show 
t h a t  both NF3 and F2 r e q u i r e  c a r e f u l  s e l e c t i o n  of materials, c l e a n l i n e s s ,  
and similar p a s s i v a t i o n  procedures .  F l u o r i n e  is r e a c t i v e  w i t h  more 
materials, whereas larger payloads of  NF3 are be ing  c m s i d e r e d ,  r e q u i r i n g  
a t t e n t i o n  to  larger and more components f o r  t h e  NF3 a p p l i c a t i o n s .  
l i m i t  v a lue  for f l u o r i n e  are lower but  d e t e c t a b i l i t y  i s  much h i g h e r ,  
making i t  easier to  d i s c o v e r  small amounts ( w i t h  t h e  human nose and 
e y e s ) .  
a faster response  when d e t e c t e d .  
The t o x i c i t y  l e v e l ,  emergency exposure l i m i t s ,  and th re sho ld  
While s p e c i a l  equipment is requ i r ed  t o  d e t e c t  NF3, F2 r e q u i r e s  
Thus, from an o v e r a l l  s a f e t y  v iewpoin t ,  s imilar procedures  
are requ i r ed  for handl ing  both  f l u o r i n e  and n i t r o g e n  t r i f l u o r i d e  i n  
f u t u r e  S h u t t l e  a p p l i c a t i o n s .  A coopera tu re  exchange of e f fo r t s  i n  
these two areas would b e n e f i t  both NASA and DOD. 
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Table 5-1. Comparison of Nitrogen T r i f l u o r i d e  and F l u o r i n e  
Proper ty  NF3 F2 
144 K (-2OOOF') 85 K (-307'F) Normal b o i l i n g  po in t  
Heat capacity of l i q u i d  
Dens i ty  of l i q u i d  
Thermal c o n d u c t i v i t y  of 
l i q u i d  
Heat o f  v a p o r i z a t i o n  
Vapor p r e s s u r e  a t  NBP 
p l u s  25 K 
Freez ing  p o i n t  
Cri t ical  temperature  
Cri t ical  p r e s s u r e  
Critical d e n s i t y  
R e a c t i v i t y  
0.25 cal/g K 
1.53 g/m3 
2.3 10-4 
cal/cm s K 
0.37 cal/g K 
1.50 g/cm3 
3.6 10-4 
cal/cm s K 
40 cal/g 
47 N/cm2 78 N/cm2 
66 K (-340OF) 
234 K (-39OF) 
54 K (-363OF) 
146 K (-2COOF) 
560 N/cm2 $90 N / c m 2  
0.58 g/cm3 0.61 g/cm3 
Most gases explo- 
s i v e  w i t h  electri- 
cal  s p a r k  or  con- 
taminants ;  most 
metals & nonmetals 
have low c o r r o s i o n  
r a t e s  
High w i t h  most 
gases, nonmetals 
o r  metals w i t h  
contaminants ;  low 
c o r r o s i o n  rates 
f o r  pure metals 
S h u t t l e  payload ffiass -10,000 kg -2000 kg 
T o x i c i t y  4000 ppm 500 ppm 
Emergency exposure l i m i t s  
(EEL 1 
2250 ppm for 10 min 60 ppm f o r  5 min 
750 ppm f o r  30 min 30 ppm f o r  30 rnin 
375 ppm f o r  60 min 25 ppm fo r  60 rnin 
Threshold l i m i t  va lue  
(TLV) 
Detectabi l i ty  Od o r 1  e ss Highly pungent 
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SECTION 6 
CONCLUSIONS AND RECOMMENDATIONS 
The g e n e r a l  conclus ion  is tha t  f l u o r i n e ,  when p r o p e r l y  
handled,  p r e s e n t s  no greater problem than  any other cryogenic  p r o p e l l a n t .  













Many f l u o r i n e  p r o p e l l a n t  combinat ions have been inves-  
tigated, w i t h  f luo r ine /hydraz ine  be ing  t h e  most promising 
for advanced p l a n e t a r y  s p a c e c r a f t  p ropu l s ion  systems. 
Mission s t u d i e s  s h o w  larger payload and/or  s h o r t e r  mi s s ion  
f l i g h t  time advantages  compared wi th  those f o r  earth- 
s t o r a b l e  p r o p e l l a n t s .  
F l u o r i n e  systems can  be s a f e l y  i n t e g r a t e d  i n t o  S h u t t l e -  
launched payloads.  
Extens ive  exper ience  with f l u o r i n e  and its d e r i v a t i v e s  
e x i s t s .  
Many f l u o r i n e  p r o p e l l a n t  t e s t s  have been conducted,  
w i t h  those  i n  r e c e n t  y e a r s  being h i g h l y  s u c c e s s f u l .  
F luo r ine  is h i g h l y  r e a c t i v e  and when s t o r e d  as a l i q u i d  
must be maintained a t  c ryogenic  tempera tures .  
Direct s p l a s h  effects of l i q u i d  o r  gaseous f l u o r i n e  
on personnel  would be t o x i c  and could cause burns .  
Hydrogen f l u o r i d e  gas formed by f l u o r i n e  r e a c t i n g  w i t h  
mois ture  i n  t h e  a i r  would become t h e  main p o l l u t a n t .  
The Ricca s tudy  (Ref. 11-81 shows t h a t  20% o f  an  a c c i d e n t a l  
s p i l l  could be absorbed by water, wi th  t h e  remaining 80% 
going  most ly  i n t o  HF. No p l a n t  o r  pub l i c  exposure limits 
would be exceeded by the  l a t t e r ,  b u t  h y d r o f l u o r i c  acid 
formed by t h e  water need8 t o  be n e u t r a l i z e d .  JPL  u s e s  a 
2% NaOH scrubber  a t  Edwards Test S t a t i o n  f o r  t h i s  purpose.  
I n h a l a t i o n  o f  h i g h  c o n c e n t r a t i o n s  (?500 ppm) o f  gaseous  
f l u o r i n e  or hydrogen f l u o r i d e  for extended p e r i o d s  
( > 5  min) can cause  s e r i o u s  damage; a t  lower l e v e l s  
( < l o 0  ppm) and s h o r t e r  p e r i o d s  ((5 min) ,  on ly  temporary 
i r r i t a t i o n  would occur .  
F luo r ine ,  even i n  weak c o n c e n t r a t i o n s ,  has a prominent 
odor ;  t h e  nose,  s k i n ,  tongue ,  and eyes a r e  good d e t e c t o r s  
and s e n s i t i v e  t o  HF formed from body mois ture .  
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0 P l a n t s  are more s u s c e p t i b l e  to damage than  humans 
and animals .  A s t u d y  was made of effects c? c i t r u s  
g roves  n e a r  r(SC i n  F l o r i d a ,  showing a seasona l  c r o p  
could be l o s t  b u t  no permanent damage would r e s u l t  
i n  t h e  even t  of a s p i l l .  
0 Nei ther  short- term i n h a l a t i o n  no r  long-term foraging 
of contaminated pasture l and  would be a problem f o r  
ca t t le  i n  the  KSC area i n  the even t  of a s p i l l .  
6.2 RECOMMENDATIONS 
The e x t e n s i v e  research work and conc lus ions  have l ed  t o  
s e v e r a l  recommendations as fo l lows:  
0 Continuously o p e r a t i n g  moni tor ing  d e v i c e s  should  
be used t o  detect the  f l u o r i n e  c o n c e n t r a t i o n  l e v e l s  
i n  f l u o r i n e  work areas. 
0 Automatic s h u t o f f  d e v i c e s  and water s p r a y s  ( d i l u t e  
w i th  NaOH where p r a c t i c a l )  are requ i r ed  a t  tes t  sites. 
JPL u s e s  a hot-wire c i r c u i t  t o  a u t o m a t i c a l l y  s h u t  
o f f  t h e  f l u o r i n e  supply  a t  v a r i 6 u s  s t a t i o n s  i n  t h e  
even t  of a leak w i t h  good success .  
0 A l l  v e n t i n g  must be through cha rcoa l  bu rne r s  o r  appro- 
priate gas sc rubbe r s .  
0 Personnel  i n  the v i c i n i t y  o f  f l u o r i n e  o p e r a t i o n s  must be 
p ro tec t ed  by a complete s p l a s h  s u i t  o f  a n  approved material. 
0 I n h a l a t i o n  o f  high c o n c e n t r a t i o n s  o f  t o x i c  gases 
can be prevented by use of a se l f - con ta ined  b r e a t h i n g  
a i r  o r  mask and hose supply.  Personnel  working i n  
hazardous areas must be p rope r ly  tva ined  i n  p r o t e c t i v e  
measures and procedures .  
0 Shut t le -based  procedures  need t o  be developed c o n s i s t e n t  
w i t h  good ground-based procedures ,  and a requirement  e x i s t s  
t o  reduce t h e  p o t e n t i a l  o f  a leak t o  an  extreme Qlnimum 
through 1 .-oper des ign  and test, inc lud ing  i n v e s t i g a t i o n  
o f  t h e  fo l lowing:  
i 1 1 S e l e c t i o n  o f  h igh-qual i ty  and f luor ine-compat ib le  
materials. 
(2)  Design of a completely sealed propuls ion  system. 
(3) P a s s i v a t i o n  of  t a n k s ,  l i n e s ,  m d  va lves  w i t h  
CF2. 
(4) Maintenance of a low p o s i t i v e  G H e  pressure 
i n  l i n e s .  
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(5) Vibra t ion  t es t s  f o r  launch  and l and ing  loads .  
( 6 :  Use o f  l e a k  d e t e c t o r s  and l ink-wire  f a i l u r e  
system on propuls ion  module. 
(7) Use of an on-board LN2 coo l ing  system f o r  thermal  
c o n t r o l  (may be u m b i l i c a l l y  s u p p l i e d ) .  
( 8 )  Development o f  safe load ing  and unloading procedures .  
(9) Prov i s ion  f o r  an emergency dump on pad and a 
post- landing d i s p o s a l  o r  recovery  of  p r o p e l l a n t .  
(10) A v a i l a b i l i t y  of a f i r e  c o n t r o l  t r u c k  wi th  NaOH 
water s p r a y  and a p o r t a b l e  LN2 supply.  
( 1  1 Cons ide ra t ion  o f  needs f o r  remote status monitor ing.  
(12)  Provis ion  f o r  remote-s torage s i t e s  be fo re  i n s t a l -  
l a t i o n  i n  the  S h u t t l e  and post- landing.  
( 1 3 )  Limi ta t ion  of  personnel  access around ground 
load ing  and loaded t anks .  
( 1 4 )  Monitoring of weather f o r  safe load ing  and 
unloading,  and t r a n s p o r t a t i o n  o f  loaded systems.  
0 Completion o f  t h e  phase I1 s a f e t y  review wi th  t h e  
STS Payload Review Panel (JSC) and t h e  S a f e t y  Opera t ions  
Of f i ce  (KSC) f o r  t h e  c u r r e n t  F2 System Technology 
Program. 
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APPENDIX A 
PROPERTY DATA FOR F2, OF2, AND FLOX 
Phys ica l  p r o p e r t i e s .  for f l u o r i n e  , oxygen d i f l u o r i d e ,  and 
f luorine-oxygen (FLOX) are inc luded  i n  t h e  fo l lowing  tables. 
T a b l e  A-1.  Phys i ca l  P r o p e r t i e s  o f  F luo r ine  
Proper ty  Eng l i sh  Uni t s  Metric Uni t s  
Bo i l ing  po in t  a t  IO N / C ~  -306.64OF -188.13OC 
Freez ing  po in t  -363.32OF -219.02OC 
Liquid d e n s i t y  
S p e c i f i c  g r a v i t y  o f  vapor 
r e l a t i v e  t o  a i r  a t  s tandard  
temperature  ai-d p re s su re  
Crit ical  d e n s i t y  
Critical p res su re  
Cri t ical  temperature 
Vapor p re s su re  
12.5 lbm/gal a t  1.50 g/cc a t  
( 94.1bm/f t 3 1 
-306.64OF -188.13OC 
2. lbm/gal  
809.7 psia 
- 1 99.57OF 
19.7 p s i a  a t  
-30O0F 
164.7 psia a t  
-250OF 
794.7 p s i a  a t  
-2OOOF 
1 . 3  
C.61 g/cc 
558.3 N / c m 2  
-128.65OC 
13.58 N / c m 2  a t  
-1 84 4OC 
113.6 N / c m 2  a t  
-1 56.6OC 
547.9 N/cm2 a t  
-128.8OC 
Kinematic 0.127 c e n t i s t o k e s  
a t  -306.55OF 
C o e f f i c i e n t  of  
v i s c o s i t y  0.257 c e n t i p o i s e s  
a t  -187.95OC 
0.414 c e n t i p o i s e s  
a t  - 2 0 3 0 ~  
Absolute 
Dens i ty ,  s o l i d  0.0686 lbm/in.  3 1.90 g/cc 
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Table A-1. Phys ica l  P r o p e r t i e s  of F l u o r i n e  
(Coctinuation 1 )  
P r o p e r t y  Eng l i sh  Un i t s  Metric U n i t s  
Transition p o i n t  t o  
wh i t e  s o l i d  
? h e m a l  c o n d u c t i v i t y  
a t  -188OC (-3060F) 
a t  -123OC (-190*) 
(e= 9 0 N/cm2 
a t  -188OC (-306OF1, ( l i q u i d )  
-377 7oF -227.6 1 OC 
0.004 B t u / f t  h OF 1.7 x 10-5 cal/cm s°C 
0.008 B t u / f t  h OF 3.2 x 10'5 cal/cm s°C 
0.088 B t u / f t  h OF 3.6 x cal/cm s°C 
Property 
~ ~~ 
Engl i sh  Units  Metric Units  
Boiling p o i n t  a t  IO N / C ~  
Freezing p o i n t  
Gas d e n s i t y  
a t  O°C (32OF) 
a t  2loC (70°F) 
Liquid d e n s i t y  
a t  -145OC (-23OOF) 
S p e c i f i c  g r a v i t y  of vapor 
( re la t ive t o  air a t  s t anda rd  
temperature  and p r e s s u r e )  
Cri t ical  volume 
Critical p r e s s u r e  
C r i t i c a l  t.empera t u r  e 
Vapor p r e s s u r e  equation 
a t  -182 t o  -146OC 
0.14 l b m / f t 3  
0.13 l b m / f t 3  
1.86 
0.0376 f t 3 / l b  






4.955 x 10 N/m2 
6 
-58. O°C 
Log Pm = 7.4199 - 5 8 1 . 1 / T ~ ~  
A -2 
Table A-2. Phys ica l  P r o p e r t i e s  of Oxygen D i f l u o r i d e  (OF2) 
(Cont inua t ion  1 )  
P rope r ty  Engl i sh  Uni t s  Metric Units  
Densi ty  equa t ion  
a t  -145 t o  -196OC 
p (g/cm3 = 0.8225 -0.004873TOca 
Viscos i ty  equa t ion  ( l i q u i d )  Log p ( c e n t i p o i s e )  = 1 1 2 . 4 / T ~ ~  -1.4508 
a t  -196 t o  -156OC and 
a p r e s s u r e  of 11 t o  760 
m u  
Thermal c o n d u c t i v i t y  ( l i q u i d )  
a t  -196OC (-321OF) 0.14 B t u / f t  h OF 5.8 x cal/cm s°C 
a t  -183OC (-297OF) 0.15 B t u / f t  h 9 6.1 x cal/cm s°C 
aTemperature i n  K or OC as noted  by s u b s c r i p t ;  e q u a t i o n s  from Ref. A-1. 
Table A-3. Phys ica l  P r o p e r t i e s  of P r o p e l l a n t  FLOX 
(Fluorine-Oxygen 70/30) 
P rope r ty  Engl i sh  U n i t s  Metric U n i t s  
Bo i l ing  p o i n t  a t  I O  N / C ~  -304OF -1 86OC 
Liquid d e n s i t y  
ira) 3~ pres su re  
Kinematic 
C o e f f i c i e n t  of 
v i s c o s i t y  
11.6 lbm/gal at  
- 3 0 4 9  (87 l b m i f t 3 )  -186OC 
16.8 p s i a  a t  
1.24 g/cc a t  
11.6 N/cm2 a t  
-3@0°F -1 8 4 O C  
0.29 c e n t i s t o k e s  
a t  -304OF 
0.24 c e n t i p o i s e s  
a t  -1 86OC 
Absolute 
Table A-4. Appearance of Oxidizers  
General Appearance 
Oxidizer Gas Liquid 
F2 Yellowish Amber 
OF2 Clear Pale yellow-brown 
FLOX Yellowish Amber 
REFERENCE 
A - 1 .  Thiokol Chemical Corporation, Reaction Motors Div i s ion ,  &k 
v e s t i n a t i o n  of Advanced Hinh-Enerav SDace Storable ProDellan t 
System, RMD Report 5507-F, Contract NASw-449, June-November 1962. 
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APPENDIX B 
STUDIES OF THE EFFECTS ON PLANTS, ANIMALS, AND PEOPLE 
The g e n e r a l  effects o f  f l u o r i d e  poisoning on p l a n t s ,  an ima l s ,  
and people have been s t u d i e d  f o r  many years .  These s t u d i e s  have been 
conducted wClere va r ious  i n d u s t r i e s  d a i l y  dump v a s t  q u a n t i t i e s  o f  f l u o r i d e  
i n t o  the  atmcsphere,  s u b j e c t i n g  the  sur rounding  environments t o  inc reased  
c o n c e n t r a t i o n s  o f  a i r b o r n e  f l u o r i d e s  year  a f te r  year .  L i t e r a t u r e  reviews 
of these s t u d i e s ,  with detailed background informat ion  are g iven  i n  
Refs. 4-2 and 4-3. 
N A S A ' s  concern is p r i m a r i l y  with the effects caused by 
s h o r t e r ,  more acute exposures .  The target organs  or systems may be 
completely d i f f e r e n t  f o r  a c u t e  poisoning than those  affected by long- 
term chron ic  exposures .  NASA sponsored two s t u d i e s  d e a l i n g  s p e c i f i c a l l y  
w i t h  the effects of shor t - te rm exposure t o  hydrogen f l u o r i d e  and f l u o r i n e  
gas, one d e a l i n g  with p l a n t s  (Ref. 4-91, t h e  o t h e r  with an ima l s  and 
people  (Ref. 4-61. 
The Advisory Center  on Toxicology and the  A i r  P o l l u t i o n  
Cont ro l  Office 2 +he Environmental  P r o t e c t i o n  Agency have es tabl ished 
emergency exposure l i m i t s  f o r  t h e  pub l i c .  
is' Refs. 4-9, B-1, and B-2. 
T h e s e , l i m i t s  are  described 
NASA conducted the  Rice? s t u d y  (Ref. 4-8) f o r  t h e  spec i f ic  
purpose o f  de te rmining  the  environmental  e f f e c t s  t h a t  an Atlas b o o s t e r  
u s ing  30 pe rcen t  FLOX could conce ivably  cause i n  a normal launch ,  a 
t o t a l  c o n f l a g r a t i o n ,  and a fuel ing s p i l l .  The FLOX/Atlas boos t e r  was 
t o  use over  25,000 kg (55,000 lbm) of l i q u i d  f l u o r i n e  per  launch  ( p l x s  
58,000 kg o r  128,000 lbm of  LOX), more than  20 times the q u a n t i t y  of 
L9? t o  be used i n  a p l a n e t a r y  S h u t t l e  miss ion  (FLOXED TUG s t u d y  i n  
Ref. P - 3 ) .  Unneutral ized s p i l l  t es t s  invo lv ing  up t o  450 kg (1000 
lbm) of l i q u i d  f l u o r i n e  .have been conducted wi th  no detectable e c o l o g i c a l  
harm observed (Ref. 3-4, a l s o  Ref. B-4). 
B. 1 TRW-BTI STUDIES ON PLANTS NEAR KSC 
TRW Systems and The Boyce Thompson I n s t i t u t e  f o r  P l an t  
Research (BTI), under a NASA c o n t r a c t ,  s t u d i e d  the  impact o f  t o x i c  
p r o p e l l a n t s  on p l a n t  species on o r  nea r  KSC (Ref. 4-91, The t o x i c  
p o l l u t a n t s  of i n t e r e s t  were hydrogen f l u o r i d e  and n i t r o g e n  d iox ide .  
The s tudy  was concerned on ly  wi th  t h e  e f f e c t s  o f  h igh  vapor  concent ra -  
t i o n s ,  sho r t -du ra t ion  exposures  of t h e  type  t h a t  might  resu l t  from 
an a c c i d e n t  i nvo lv ing  l i q u i d  f l u o r i n e  a t  KSC. 
Seve ra l  species o f  p l a n t s  growing i n  the a r e a s  were i d e n t i f i e d .  
I n  the  first phase o f  t h e  s tudy ,  two c i t r u s  v a r i e t i e s  and two ornamental  
v a r i e t i e s  were used t o  determine the range  of  the  product  of concentra-  
t i o n  and d u r a t i m  exposures  necessary  t o  induce v i s i b l e  p l a n t  response  
vary ing  from no i n j u r y  t o  seve re  damage. Eighteen HF exposure va lues  
here used, ex tending  from 0.5 ppm-hours (0 .5  gpm HF f o r  one hour)  t o  
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40 ppm-hours (10 ppm HF for four  hour s ) .  The lowes t  exposure caused s l i g h t  
damage to one of t-.c c i t r u s  v a r i e t i e s ,  called the  Hamlin Orange. There was 
s l i g h t  t i p  damage and marginal  c h l o r o s i s  (b l and ing)  on 20 percen t  o f  t h e  
young l eaves .  The most s e v e r e  exposure resulted i n  damage t o  a l l  o f  
t h e  p l a n t s .  The c i t rus  trees experienced complete d e f o l i a t i o n  of young 
l e a v e s ,  death of succu len t  s h o o t s ,  t h e  dropping of a l l  young f r u i t ,  
and moderate i n t e r c o s t a l  (between " r i b s n )  n e c r o s i s  of t h e  o l d e r  f o l i a g e .  
Gaseous hydrogen f l u o r i d e  causes p l a n t  danage i n  p ropor t ion  
t o  the  vapor concen t r a t ion  and the  exposure time. It has n o t  been 
poss ib l e  t o  determine t h e  i n t e r r e l a t i o n s  between time and concen t r a t ion .  
I n  Some cases inc reased  time ai J i n  o t h e r  cases, inc reased  c o n c e n t r a t i o n s ,  
seem to  cause t h e  most dramatic phyto toxic  response.  Boundary l e v e l s  
f o r  hydrcgen f l u o r i d e  range  from 15 ppm f o r  two hour s  t o  8 ppm f o r  
fou r  hours.  
be seve re  and can be expected t o  result i n  a p a r t i a l  01- complete c r o p  
l o s s  for t h e  year. 
a r t  h i g h e r  than  15 ppm f o r  over  15 minutes  du r ing  the  per iod  o f  f lower ing  
and f r u i t  development, i t  can b e  assumed t h a t  there w i l l  be no commercial 
c i t r u s  crop t h a t  season.  The r e l a t i v e l y  h i g h  HF expox i re s  d i d  n o t  
k i l l  any of t h e  p l a n t s  i n  t h i s  test. 
new s h o o t s  had started t o  grow. The cumula t ive  effects caused by these 
s h o r t - t e m  exposures  were not  assessed. It is known t h a t  t h e  f l u o r i d e s  
are l o c a l i z e d  i n  the l e a v e s ,  and when these i e a v e s  f a l l ,  t he  f l u o r i d e s  
are expel led  from t h e  p l a n t .  It would be reasonable  t o  3ssume t h a t  
no f u r t h e r  f l u o r i d e  poisoning occur s  a f t e r  d e f o l i a t i o n .  The l o s s  o f  
l e a v e s  may cause  a reduced y i e l d  i n  t h e  next  growing season;  however, 
the long-term impact has  n o t  been assessed. 
If t h e s e  th reshold  v a l u e s  are exceeded, th-  damage w i l l  
If HF c o n c e n t r a t i o n s  r each ing  the  commercial g roves  
After a per iod  of  4 t o  6 weeks, 
B . 2 .  R I C C A  STUDY OF CONCENTRATIONS EXPECTED FROM A SPILL 
The Ricca s t u d y  noted ear l ier  (Ref .  4-81, d e t a i l s  t h e  expected 
e c o l o g i c a l  impact t h a t  would r e s u l t  from t h e  use of FLOX w i t h  Atlas 
b o o s t e r s .  The source  o f  l i q u i d  f l u o r i n e  w i l l  be t r a n s i e n t ,  r e s u l t i n g  
i n  shor t - te rm,  acute exposure,  rather than  c h r o n i c  d e t e r i o r a t i o n .  
Such damage manFfests i t se l f  as v e g e t a t i v e  leaf burn ,  r e s p i r a t o r y  i r r i t a -  
t i o n ,  and dermal i r r i t a t i o n .  Three t y p e s  of atmospheric  releases are 
d i scussed  : 
(1 )  A t o t a l  v e h i c l e  c o n f l a g r a t i o n ,  consuming/releasing 
over  25,000 kg (55,000 lbm) o f  l i q u i d  f l u o r i n e  i n  
che f i r e  (30 percent  LF2 p l u s  58,000 kg (128,000 lbm) 
of  LOX f o r  f loxed  Atlas). 
( 2 )  A normal launch ,  i n t roduc ing  n e a r l y  1,350 kg (3 ,000  
lbm) of  hydrogen f l u o r i d e  i n t o  t h e  atmosphere.  
( 3 )  A cold s p i l l  i nvo lv ing  from 1,350 t o  2,700 kg (3,000 
t o  6,000 l b m )  o f  l i q u i d  f l u o r i n e .  T h i s  s p i l l  is  
n e u t r a l i z e d  w i t h  water fog ,  r e s u l t i n g  i n  HF p o l l u t i o n .  
The t h i r d  release w i l l  be  t h e  mode d i s c u s s e d  i n  t h i s  appendix 
because i t  is t h e  c l o s e s t  approximation of release modes that  would be  
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encountered i n  the S h u t t l e  program. If a break i n  o x i d i z e r  l i n e s  were 
to  occur  wh i l e  f i l l ing  the Atlas boos te r ,  1,350 t o  2,700 kg (3000 t o  
6000 lbm) of l i q u i d  f l u o r i n e  could  be released. This compares with 900 
to  1,350 kg (2000 to  3000 lbm) t h a t  would be released i n  a complete space- 
s t o r a b l e  p r o p e l l a n t  S h u t t l e  c a t a s t r o p h e .  
A water deluge system would be  a c t i v a t e d  i n  t h e  event  o f  a 
ground s p i l l  and would c a p t u r e  i n  s o l u t i o n  a n  estimated 20 p e r c e n t  o f  
the f l u o r i n e .  
i n t o  t h e  atmosphere,  p r i m a r i l y  as HF. The expected maximum concentra-  
t i o n s  as a f u n c t i o n  o f  d i s t a n c e  are shown by t h e  cu rve  i n  F igu re  4-2 
presented  earlier i n  S e c t i o n  4.4.3 a long  with P u b l i c  Exposure L i m i t s .  
These estimates were c a l c u l a t e d  assuming the most stable o f  a tmospheric  
c o n d i t i o n s ,  which cause  m a x i m u m  ground-level  concen t r a t ions .  A s t r o n g  
i n v e r s i o n  is  assumed to e x i s t ;  t h e  breeze is sporadic and v a r i e s  o n l y  
s l i gh t ly .  
The remaining 80 pe rcen t  of f l u o r i n e  would be  in t roduced  
A t  a d i s t a n c e  o f  4 km (13,000 f t )  from the  launch  s i t e ,  
t he  1 ike l - t  place f o r  an a c c i d e n t  is t h e  KSC i n d x t r i a l  area. 
c e n t r a t i c n a  o f  less than  13 ppm would fumigate t h i s  area f o r  a v e y  
s h o r t  period of time. The Emergency Exposure Lim:: f o r  space personnel  
is 20 ppm HF f o r  10 minutes.  The west boundary of  SSC, t h e  Banana 
R ive r ,  i s  5 km (17,000 f t )  away (see Fig. B-11, and t h i s  is  t h e  c l o s e s t  
boundary to the supposed f loxed  Atlas s p i l l  site. A t  t h i s  p o i n t ,  t h e  
HF c o n c e n t r a t i o n  is estimated t o  be less than  6.2 ppm. This would 
also be f o r  a ve ry  s h o r t  term. The Pub l i c  Emergemy L i m i t  is 10 F 
f o r  10 minutes ,  and it appears t h a t  t h i s  would I I O ~  be  exceeded. On 
Merritt I s l and  the  government leases c i t r u s  g roves  t o  p r i v a t e  concerns.  
These groves  are l o c a t e d  11 km (35,000 f t )  from t h e  launch  sites, and 
HF c o n c e n t r a t i o n s  could range from 1.6 t o  0.9 ppm. 
t r a n s i e n t  maximum c o n c e n t r a t i o n s ,  bu t  t h e y  could  p o s s i b l y  l i n g e r  as 
long  as one hour. 'his i s  far below t h e  shor t - te rm exposure l e v e l s  
estimated t o  cause  phyto toxic  damage t o  p l a n t s .  During f lower ing  and 
f r u i t  development, c rop  d e s t r u c t i o n  does  not  occur  u n t i l  exposures  
o f  15 ppm of  HF f o r  15 minutes  have been reached. 
HF con- 
These would be 
These maximum c o n c e n t r a t i o n s  are no t  exper imenta l  facts;  
t h e y  are based on exper ience  and the  Ocean Breeze and Dry Gulch Di f fus ion  
program. The v a l u e s  t abu la t ed  are m a x i m u m  c o n c e n t r a t i o n s  tha; would 
occur  on ly  under c o n d i t i o n s  which greatly i n h i b i t  d i f f u s i o n .  
s tudy ,  and s p i l l  exywiments  i nvo lv ing  up t o  725 kg (1600 lbm) o f  l i q u i d  
f l u o r i n e ,  i n d i c a t e  t h a t  even i f  a t o t a l  v e h i c l e  d e s t r u c t  were t o  occur  
t o  a f luo r ine -bea r ing  payload,  no established exposure limits would be 
exceeded. 
This 
For the purposes  o f  t h e  Ricca r e p o r t ,  i t  was estimated 
t h a t  approximately 270 to  635 kg (600 to 1400 lbm) o f  f l u o r i n e  would 
be absorbed by t h e  deluging agen t ,  water. This would form e x t r e n e l y  
t o x i c  hydro f luo r i c  acid. If t h i s  were released s t ra ight  i n t o  the  Bar.ana 
River ,  it would r e s u l t  i n  a l o c a l i z e d  f i s h  k i l l .  The runoff  water 
.eeds t o  be c o l l e c t e d  and treated with a chemical  l i k e  or PaOH 
( c l e a n e r ) .  This w i l l  precipitate t h e  f l u o r i d e  o u t  as i n s o l u b l e  CaF2 
o r  s o l u b l e  NaF and n e u t r a l i z e  the a c i d .  Th i s  treated water can then  
be s a f e l y  discharged i n t o  t h e  r i v e r .  









If a s y s t e m  or human failure were to  occur, caus ing  t h e  
release of l i q u i d  f l u o r i n e ,  the  worst si tuation biould invo lve  a s p i l l  
of approximately 1,35r kg (3000 lbm) o f  l i q u i d  f l u o r i n e .  Such mishaps 
would be very  rare and f o r  environmental  impact skud ies ,  i t  could be 
cons idered  a one-time o c c u r r e w e .  In  Polk County, F l o r i d a ,  b e f o r e  
1965, it was estimated t h a t  6,003 t o  i8,OOO kg (13,000 t o  40,033 lbmj  
of gaseous f l u o r i d e s ,  i n c l u d i n g  HF, SiF4,  and HzSiF6, were dumped i n t o  
t h e  air  pe r  day f o r  35G dzys  o f  t h e  year .  No harmful a c u t e  effects 
Were observed i n  the  popu la t ions  l i v i n g  i n  t h e  area. C i t r u s  trees 
cou’d be grown and s u c c e s s f u l i y  c u l t i v z t e d  wi th in  1-1/2 miles o f  one 
sf the  phosphate p l a n t s ,  the  source  o f  the  gaseous f l u o r i d e s .  
The S h u t t l e  launches  w i l l  be 16 t o  19 km (10 t o  12 m i )  
up t h e  c o a s t  (see Fig.  B-1) from t h e  f loxed  Atlas sites. Loading t h e  
f l u o r i n e  wobld a o s t  l i k e l y  occur a t  ESA-60, and the propulcion system 
would be mated wi th  t h e  s p a c e c r a f t  and the  i n e r t i a l  q p e r  stage (IUS) 
across the Banana River i n  t h e  s p a c e c r a f t  assembly area and t r a n s p o r t e d  
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APPENDIX C 
KEPLINGER FLUORINE GAS INHALATION TESTS 
c. 1. EFFECTS ON ANIMALS 
T k  Kepl inger  paper  (Ref. 4-6) is a comprehensive s tudy  
d e a l i n g  wi th  the i n h a l a t i o n  o f  f l u o r i n e  gas. F i r s t ,  Kepl inger  determined 
le thal  concen t r a t ions  t h a t  k i l l e d  50 percent  o f  t h e  t e s t  an imals  (LC5O's) 
f o r  v a r i a b l e  time exposures. Tke five-minute LC50's f o r  mice, ra ta ,  
and r a b b i t s  were 600, 700, and 820 ppm F2, r e s p e c t i v e l y .  
were sacrificed s e r i a l l y .  From t h i s  part o f  t h e  test the  lungs and 
r e s p i r a t o r y  tract  were i d e n t i f i e d  as t h e  primary targets, g r o s s  p a t h o l o g i c a l  
changes were observed,  and benchmark c o n c e n t r a t i o n s  for o t h e r  exper iments  
were determined. 
i n  t h e  worst  cases. After 7 days ,  blemishes were observed on the  k idneys  
and l i v e r  of some o f  the animals .  By the time 14 days  had passed ,  
approximately 85 p e r c e n t  o f  t h e  mice sacrificed on t h a t  day  had kidney 
damage. A t  concen t r a t ions  where no lung  damage is observed,  n e i t h e r  
kidney no r  f i v e r  damage is observed.  
concen t r a t ions  t o  induce l i v e r  pathology than  i t  does  t o  cause  lung  
a l l  orRans had r e t u r n &  t o  normal. Outward man i ' e s t a t ions  of f l u o r i n e  
poisoning of  test  animzls  are dyspnea ( d i f f i c u l t y  i a  breathing) ,  l e t h a r g y ,  
red nose,  and swollen eyes .  These tests i n d i c a t e d  t h a t  t h e  a c u t e  effects  
o f  f l u o r i n e  can be gauged by the  i r r i t a t i o n  noted i n  t h e  lungs ,  r e s p i r a -  
t o r y  t rac t ,  nasa l  passages ,  and eyes .  
The s u r v i v o r s  
Severe conges t ion  sild hemorrhaging of t h e  l u n g s  occurred  
It takes s l i g h t l y  h ighe r  f l u o r i n e  
and kidney damage. After s i x  months had elaDSed. t h e  D a t h O l O E V  of 
Tests were la ter  conducted t o  de te rmine  i f  cumula t ive  effects 
occurred i n  the soft t i s s u e  as a r e s u l t  o f  r epea ted  i n t e r m i t t e - t  ex- 
posure t o  f l u o r i n e .  Test an imals  were exposed r e p e a t e d l y  t o  the same 
concen t r a t ion  o f  f l u o r i n e  gas a t  i n t e r v a l s  ranging  from 24 hours  t o  
7 week. It was discovered  t h a t  t h e  an imals  exposed r e p e a t e d l y  t o  t h e  
same l e v e l  s u f f e r e d  no more pa tho log ica l  damage than  d i d  an imals  exposed 
o n l y  once t9 t he  same vapor c o n c e n t r a t i o n s  and dosages.  A t  h ighe r  
concen t r a t ion  l e v e l s ,  t h e  resulting pa tho log ica l  damage was less i n  
t h e  an imals  r e p e a t e d l y  exposed than  i n  the  an imals  exposed o n l y  once.  
Repeated exposur C: t o  f l u o r i n e  a t  t h e  same c c n c e n t r a t i o n s  caused 1es 
pa tho log ica l  damage, a p p a r e n t l y  from sone t o l e r a n c e  bui ldup .  A t es t  
was devised t o  determine i f  prev ious  exposure t o  low c o n c e n t r a t i o r s  
of  f l u o r i n e  would change t h e  s u s c e p t i b i l i t i e s  o f  ra t s  and mice t o  f l u o r i n e .  
Groups o f  r a t s  and mice were exposed t o  low l e v e l s  o f  f l u o r i n e  i n t e r -  
m i t t e n t l y  over  vary ing  pe r iods  o f  time. Then these treated animals  
and a c o n t r o l  group o f  un t r ea t ed  animals  were exposed t o  h ighe r  concen- 
t r a t i o n s  o f  f l u o r i n e .  A t  sub le tLa1  concen t r a t ions  t h e  t r e a t e d  an imals  
showed less pa thologica l  change than  t h e  c o n t r o l  group. A t  l e t h a l  
c o n c e n t r a t i o n s ,  t h e  treated animals  withstood t h e  t o x i c  effects  bet ter ,  
and mare survived than i n  t h e  c o n t r o l  group. T h i s  t o l e r a n c e  bui ldup  
was ndt  s u b s t a n t i a l ,  b u t  i t  d id  e x i s t .  It can be  s a i d  w i t h  c e r t a i n t y  
t ha t  a f t e r  repea ted  exposure t o  f l u o r i n e ,  tes t  animals  s u f f e r  no worse 
pa tho log ica l  e f f e c t s  than  an imals  t h a t  have never  been exposed be fo re .  
F luor ine  does not accumulate i n  t h e  s o f t  t i ssue;  only  a s l i g h t  accumula- 
t i o n  occur s  i n  t h e  bone t i s sue .  The l a c k  o f  any s i g n i f i c a n t  cumula t ive  
c-1 
effects is an i n d i c a t i o n  o f  t he  r a p i d  removal of f l u o r i n e  from the  
body. 
c. 2. EFFECTS ON HUMANS 
Replinger  also conducted some short-term exposure tests 
f o r  i r r i t a t i o n  on s t u d e n t  vo lun tee r s .  The f l u o r i n e  vapor  c o n c e n t r a t i p q s  
were c a r e f u l l y  monitored. T h e  f luorine-contaminated a i r  was adminisLCred 
through a mask-like appa ra tus  t h a t  covered each v o l u n t e e r ' s  e y e s  and 
nose. 
t i o n  became too  seve re  they  could immediately remove t h e i r  faces. 
mouth was lef t  uncovered, so t h a t  t h e  v o l u n t e e r s  could b rea the  the  
ambient air .  
t h a t  the  test  s u b j e c t s  would not  be harmed. The maximm exposure was 
to a concen t r a t ion  o f  100 ppm o f  f l u o r i n e  f o r  1 minute.  A t  a l l  the 
concen t r a t ion  l e v e l s  used,  the odor o f  f l u o r i n e  was very  prominent.  
The s t u d e n t s  he ld  t h e i r  faces a g a i n s t  t h e  masks, and i f  the  i r r i t a -  
The 
This was an a d d i t i o n a l  s a f e t y  p recau t ion ,  t o  h e l p  i n s u r e  
F i r s t ,  Keplinjger ran a series o f  tests uhere v o l u n t e e r s  
were exposed j u s t  once t o  a specific concen t r a t ion  of f l u o r i n e .  When 
s t u d e n t  vo lun tee r s  were exposed to 10 ppm f l u o r i n e  f o r  as long  as  15 
minutes ,  no i r r i t a t i o n  t o  t h e  e y e s  or nose was repor t ed .  
a i r  could be inha led  without  caus ing  any i r r i t a t i o n  t o  the r e s p i r a t o r y  
tract. When t h e  c o n c e n t r a t i o n  l e v e l  was raised t o  23  ppm and exposure 
maintained for 5 minutes ,  a s l i g h t  i r r i t a t i o n  t o  t he  e y e s  uas noted.  
The a i r  was inha led  i n t e r m i t t e n t l y  over  t h e  5-minute period wi thout  
r e s p i r a t o r y  d i f f i c u l t y .  A t  f l u o r i n e  c o n c e n t r a t i o n s  o f  50 ppm cont inued 
f o r  3 minutes ,  t h e  eyes  were irritated, and s l i g h t  i r r i t a t i o n  of t h e  
nose was reported by test  s u b j e c t s .  The following c o n c e n t r a t i o n s  were 
cont inued ,^ or 1 minute.  A t  67 ppm f l u o r i n e ,  t h e  nose and eyes  were 
v e r y  i r r i ta ted;  however, i t  was n o t  unbearable. A t  78 ppm, t h e  e y e s  
and nose were aga in  very  i r r i ta ted,  bu t  t h e  test  subjects ir-licated 
t h z t  i t  was not  as i r r i t a t i n g  as cigarette smoke blown i n  the eyes .  
After exposure,  t h e  face was s l i g h t l y  i r r i t a t ed .  When t h e  a i r  was 
i n h a l e d ,  coughing occurred. Concent ra t ions  o f  100 ppm were very  i r r i t a t i n g  
t o  t h e  e y e s  and nose. After exposure,  t h e  e y e s  cont inued t o  smart, and 
subjects  reported t h a t  i t  f e l t  l i k e  a f i l m  covered t h e  eyes .  The s k i n  
was irritated af ter  exposure.  When exposed t o  100 ppm o f  F2 for 30 
seconds ,  the eyes  and nose were i r r i ta ted  wi th in  a few seconds ,  bu t  
i n a d v e r t e n t l y  t h e  after-effects were not  r e p o r t e d .  
The doped 
A second series o f  tests were run t o  de te rmine  t h e  effects  
of  repeated i n t e r m i t t e n t  exposure t o  low c o n c e n t r a t i o n s  o f  f l u o r i n e .  
S u b j e c t s  were exposed t o  10 ppm f l u o r i n e  f o r  5 minutes ,  eve ry  15 minutes  
over  a 2-hour period. The on ly  effect  r epor t ed  was a s l i g h t  smar t ing  
of t h e  eyes .  Another run was conducted w i t h . a  vapor  c o n c e n t r a t i o n  
of  10 ppm f l u o r i n e  be ing  maintained f o r  3 minutes .  Exposure was repeated 
F ery 15 minutes and cont inued for 3 hours .  Both t h e  e y e s  and s k i n  
cover ing  their  eyes.  
-re i r r i ta ted .  Some subjects  r epor t ed  t h a t  i t  f e l t  l i k e  a film was 
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C. 3 .  CONC L'JS IONS 
The Kepl inger  tests i n d i c a t e  t h a t  t h e  e y e s  are t h e  most 
s e n s i t i v e  index of t h e  s u b j e c t i v e  i r r i t a t i o n  caused by f l u o r i n e  gas. 
( J P L  has  found t h e  nose t o  be more s e n s i t i v e . )  The s u b j e c t s  agreed 
t h a t  a c o n c e n t r a t i o n  of 100 ppm was ext remely  uncomfortable  and t h a t  
t hey  would evacuate  t h e  area immediately i f  such  c o n c e n t r a t i o n s  were 
p r e s e n t .  However, a t  t h i s  c o n c e n t r a t i o n  a l l  t h e  v o l u n t e e r s  thought  
t h a t  t hey  would be capable  of s e l f - r e s c u e  and,  i f  necessa ry ,  could 
e n t e r  a room without  b r e a t h i n g  a p p a r a t u s  t o  r e s c u e  a n  i n j u r e d  person. 
Based on h i s  experiments ,  Kepl inger  p o s t u l a t e d  emergency exposure l i m i t s  
to f l u o r i n e  o f  60, 40, 30, alid 25 ppm f o r  5 ,  15, 30, and 60 minutes ,  
r e s p e c t i v e l y ,  (shown by t h e  upper c u r v e  i n  F i g u r e  4-1 earlier i n  S e c t i o n  
4.3) .  While these l e v e l s  would be i r r i t a t i n g  t o  pe r sonne l ,  t h e y  would 
cause  no s e r i o u s  cr permanent i n j u r y .  
c-3 
APPENDIX D 
HOT AND COLD SPILLS 
D. 1. INTRODUCTION 
Uhen an) dangerous subs t ance  is used,  it is desiratle to  
f o r e s e e  t h e  probable i n c i d e n t s  t h a t  would accompany a n  a c c i d e n t .  F l u o r i n e  
is the  most r e a c t i v e  chemical element ,  and f u r t h e r  compl ica t ions  are 
added when it is used i n  the l i q u i d  state (Ref. D-1). F i r s t ,  a more 
concen t r a t ed  source  of f l u o r i n e  e x i s t s  (because o f  its higher  d e n s i t y ) ,  
and second, l i q u i d  f l u o r i n e  is a cryogen,  r e q u i r i n g  s p c i a l  co ld-s torage  
equipment and handl ing.  The c o r r o s i v e  and t o x i c  n a t u r e  of f l u o r i n e  
dictates tha t  s t r i n g e n t  s a f e t y  procedmares be  followed while us ing  l i q u i d  
f l u o r i n e .  To insure m a x i m u m  s a f e t y  f o r  personnel ,  faci l i t ies ,  su r round ing  
popu la t ions ,  and the  environment ,  i t  is necessa ry  t h a t  we be able to  
predict  t h e  behavior  of a release of a large q u a n t i t y  of l i q u i d  f l u o r i n e .  
What w i l l  happen when a large q u a n t i t y  of a cryogenic  l i q u i d  of extreme 
r e a c t i v i t y  is sp i l l ed?  What can  be done t o  c o n t r o l  or suppres s  a l i q u i d  
f l u o r i n e  s p i l l ?  After f l u o r i n e  is in t roduced  to  the  envi ro tment ,  what 
w i l l  be the ground-level  c o n c e n t r a t i o n s  and dosage f i e l d s  t h a t  r e s u l t ?  
The first s t e p  is t o  de te rmine  what the behavior  o f  the  s p i l l  w i l l  
be. A t y p i c a l  c ryogenic  c loud may r e s u l t ,  o r  the  f l u o r i n e  may start  
t o  react with materials a t  the s p i l l  s i t e ,  i g n i t i n g  a f luo r ine - fed  
combustion. A t  what rates w i l l  t h e  c ryogenic  l i q u i d  f l u o r i n e  b o i l  
off-.or burn? 
g i v e s  a q u a l i t a t i v e  d e s c r i p t i o n  of what to  expect i n  t he  event  o f  a 
large l i q u i d  f l u o r i n e  release. 
How and where will t he  cloud plume t r a v e l ?  This appendix 
C m p a t i b i l i t y  tests, s p i l l  n e u t r a l i z a t i o n  tests, films 
o f  v e h i c l e  c o n f l a g r a t i o n s ,  and the obse rva t ion  o f  s p i l l s  a t  va r ious  
c e n t e r s  t h a t  use l i q u i d  f l u o r i n e  have g iven  a clear i n d i c a t i o n  o f  how 
l i q u i d  f l u o r i n e  w i l l  behave when s p i l l e d .  Informat ion  o f  what f l u o r i n e  
reacts wi th  and on t h e  characterist ics of hot  and cold s p i l l s  is  a v a i l a b l e  
i n  Refs. 3-4 and D-2. 
Regardless of t h e  cause o f  a l i q u i d  f l u o r i n e  release, it  
w i l l  be one o f  two types :  a hot  o r  a co ld  release. Hot releases i n c l u d e  
a l l  s p i l l s  where a m f f i c i e n t  heat o f  r e a c t i o n  occur s ,  t he reby  l i f t i n g  
the r e a c t i o n  producr= well above t h e  ground. Reference 2-6 c o n t a i n s  
an e x c e l l e n t  a n a l y s i s  o f  h o t  and co ld  s p i l l s ,  which i s  summarized i n  
t h e  fo l lowicg  paragraphs. 
D. 2. HOT SPILL DESCRIPTION 
Motion p i c t u r e s  of  f l u o r i n e  and FLOX s p i l l e d  upon JP-4 o r  
cha rcoa l  and rocke t  c o n f l a g r a t i o n s  invo lv ing  o t h e r  p r o p e l l a n t  combina- 
t i o n s  reveal t h a t  fo l lowing  the  i n i t i a l  r e a c t i o n ,  a f i reba l l  forms and 
r j  's v e r t i c a l l y  i n t o  t h e  a i r .  As t he  f i r e b a l l  rises, thc  base of  t h e  
f i i  -.ball necks down t o  form a stem. A s t r o n g  scavenging e f f e c t  occu r s  
a long and near  t h e  ground. Debris and r e a c t a n t s  near  t h e  ground are 
pul led  up i n t o  t h e  c loud and r a p i d ,  nea r  v e r t i c a l ,  c loud r ise  occur s .  
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I n  an  Atlas fa i lure  using LOX and JP-1,  the  ave rage  wind speeds  r e s u l t i n g  
from t h e  scavenging effect  were estimated t o  b e  23 m / s  (75 ft/s). The 
i n i t i a l  wind v e l o c i t i e s  a t  t h e  base  o f  t h e  stem were thought  t o  be as 
high a s  90 m/s (300 ft/s) af te r  i n i t i a l  c loud rise. The smoke c o l o r  (of 
t h e  ground fire) was seen  to change from t h e  c h a r a c t e r i s t i c  whi te  of a n  
oxygen-rich t o  t h e  black o f  an atmospheric-fed combustion. Th i s  i n d i c a t e s  
t ha t  p r a c t i c a l l y  a l l  of the oxidizer had been consumed or swept upward 
i n t o  t h e  top  por t ior .  of t h e  cloud column. In  a large l i q u i d  f l u o r i n e  
s p i l l  t h a t  r e s u l t s  in a c o n f l a g r a t i o n ,  similar c h a r a c t e r i s t i c s  would be  
expected.  
a i r ,  c r e a t i n g  an e l e v a t e d  p o l l u t i o n  source .  This would reduce downwind 
ground-level  p o l l u t i o n  cons iderably .  Any r e s i d u a l  f l u o r i n e  would react 
wi th  water vapor i n  the air .  ‘me w a r m  hydrogen f l u o r i d e  would rise 
and d i f f u s e  r a p i d l y  i n t o  t h e  atmosphere. The NASA-sponsored s p i l l  and 
d i f f u s i o n  s t u d i e s  ci ted above suppor t  these p r e d i c t i o n s .  
The scavenging effect would l i f t  t h e  o x i d i z e r  high i n t o  t h e  
A r e c e n t  concern h a s  been whether reac t ion-product  c louds  
w i l l  p e n e t r a t e  or p i e r c e  tempera ture  i n v e r s i o n s .  Temperature i n v e r s i o m ,  
which may extend v e r t i c a l l y  f o r  a hundred meters o r  more, are character- 
ized by a n  i n c r e a s e  o f  tempera ture  w i t h  a n  i n c r e a s e  i n  he ight .  A warm, 
rising cloud would be t rapped  beneath t h e  i n v e r s i o n  leyer, g r e a t i y  
i n c r e a s i n g  downwind ground-level  exposure.  I n v e r s i o n  p e n e t r a t i o n  is 
more important  when low-lying temperature  i n v e r s i o n s  are p resen t .  
The approximate energy r equ i r ed  t o  p e n e t r a t e  i n v e r s i o n s  was es t ima ted  
t o  be 5 x 109J (5 x 10 6 B t u ’ s ) ,  o r  about  t h e  energy released when 1,350 
kg (3000 l b )  of 30 p e r c e n t  (LF2) FLOX reacts w i t h  charcoal o f  JP-4 
wi th  an e f f i c i e n c y  o f  30 percen t .  In  t h i s  experiment low i n v e r s i o n s  
from 240 t o  400 m (800 t o  1300 f t  above t h e  ground) were e a s i l y  p e n e t r a t e d  
by r e a c t i o n  c louds ,  which r o s e  t o  about  300 t o  600 m (1000 t o  2000 
f t ) .  A c o n f l a g r a t i o n  o r  ho t  s p i l l  i nvo lv ing  l i q u i d  f l u o r i n e  would 
probably proceed w i t h  greater e f f i c i e n c y  than  t h e  above tests, which 
used 30 percen t  FLOX; a s  a consequence, more energy  would be released. 
The r e s u l t a n t  r e a c t a n t  cloud would p i e r c e  most low-lying i n v e r s i o n s .  
D. 3. COLD S P I L L  
Liquid f l u o r i n e  s p i l l e d  on to  m a t e r i a l s  with w h i c h  i t  does  
n o t  e a s i l y  react,  such  as conc re t e  o r  s t ruc tu ra l  s teel ,  creates a t y p i c a l  
c ryogenic  cold s p i l l .  The c ryogenic  l i q u i d  w i l l  f l a s h  and b o i l  o f f  
a t  h i g h  i n i t i a l  rates when i t  h i t s  sur rounding  f l o o r s .  The l e n g t h  
of time requ i r ed  f o r  bo i l -o f f  w i l l  depend on how t h e  s p i l l  i s  conf ined  
and i f  puddling occurs .  If an a p p r e c i a b l e  wind e x i s t s  and t h e  s p i l l  
is both sha l low and d i s p e r s e d ,  a f l a s h  bo i l -o f f  i s  l i k e l y .  When puddl ing  
o c c u r s ,  t h e  surfaces c o n t a i n i n g  the  c ryogenic  l i q u i d  w i l l  be  c h i l l e d  
t o  a very  low temperature  and a f t e r  t h e  i n i t i a l  f l a s h  bo i l -o f f  w i l l  
con t inue  a t  a reduced rate.  The o v e l a l l  downwind dosage o f  a tmospheric  
p o l l u t a n t s  is not  a f f e c t e d  by t h e  degree o f  puddl ing;  however, i f  some 
containment  o f  t h e  s p i l l  occu r s ,  t h e  maximum downwind c o n c e n t r a t i o n s  
may be less than f o r  an uncontained cold s p i l l .  The gaseous  p roduc t s  
( p r i m a r i l y  gaseous f l u o r i n e ;  some hydrogen f l u o r i d e  w i l l  form as  water  
vapor reacts w i t h  f l u o r i n e )  from t h e  bo i l -o f f  s t a y  c l o s e  t o  t h e  ground. 
Under similar meteoro logica l  c o n d i t i o n s ,  t h e  a tmospheric  d i f f u s i o n  
o f  p o l l u t a n t s  i s  much s lower f o r  co ld  r e l e a s e s  than hot  r e i t z s e s .  
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Due t o  t h e  s lower d i f f u s i o n  p rocess ,  downwind ground-level  p o l l u t a n t  
c o n c e n t r a t i o n s  and dosages are h ighe r  f o r  cold s p i l l s  than  not  s p i l l s  
i nvo lv ing  t h e  same amount o f  l i q u i d  f l u o r i n e .  These o b s e w a t i o n s  are 
confirmed by s e v e r a l  NASA and A i r  Force S t u d i e s  (Refs. 3-4, B-4, and 
D-3 th rough D-5). 
D.4. SMALL SPILLS 
On occas ion ,  l i q u i d  f l u o r i n e  has  s p i l l e c  oil to c o n c r e t e  
aprons  sur rounding  test sites, when f i l l  hoses  were d isconnec ted  - 
Residual l i q u i d  would s l o s h  from the p i p e s ,  caus ing  a small c ryogenic  
cold s p i l l .  The l i q u i d  f l a s h  bo i l s ,  and the  cloud d i s s i p a t e s  i n  a s h o r t  
per iod  o f  time. These occur rences  have been observed a t  many faci l i t ies  
t h a t  r e g u l a r l y  handle  l i q u i d  f l u o r i n e .  Rickey (Ref. 3-41, i n  tests 
a t  Edwards Air Force Base, observed the  effects o f  a 472 kg (1040 l b )  
l i q u i d  f l u o r i n e  s p i l l  i n  a s t a i n l e s s  steel pan. T h i s  s p i l l  was a w a r m  
s p i l l .  The f l u o r i n e  reacted wi th  a small amount o f  water i n  t h e  t r a y ,  
and f i f t e e n  seconds la ter  the  t r a y  caught f i re .  However, v e r y  l i t t l e  
heat was l i b e r a t e d ,  and t h i s  s p i l l  had many c h a r a c t e r i s t i c s  o f  a co ld  
s p i l l .  The boi l -of f  cont inued f o r  over  t e n  minutes ,  and downwind f l u o r i n e  
c o n c e n t r a t i o n s  were greater than  those  recorded i n  an earlier induced 
ho t  s p i l l  t h a t  consumed 1-1/2 times a s  much l i q u i d  f l u o r i n e .  
The i g n i t i o n  of t h e  s t a i n l e s s  steel  t r a y  c l e a r l y  i n d i c a t e s  
the extreme r e a c t i v i t y  o f  l i q u i d  f l u o r i n e .  The f l u o r i n e  i n i t i a l l y  
r e a c t e d  w i t h  t h e  water, and t h e  heat l i b e r a t e d  i n  t h i s  r e a c t i o n  was 
enough t o  raise t h e  tempera ture  i n  t h e  t r a y  t o  the  k i n d l i n g  p o i n t  o f  
s t a i n l e s s  steel .  A smoldering f l u o r i n e  f i r e  then  consumed aFTroximately 
0.3 m2 ( 3  f t 2 )  of t h e  s t a i n l e s s  steel  t r a y .  
o f  f l u o r i n e  had been s p i l l e d ,  t h e  i n i t i a l  r e a c t i o n  w i t h  t h e  water would 
have occurred ,  b u t  t h e r e  would not  have been enough f l u o r i n e  left, t o  
s u s t a i n  the  s t e e l - f l u o r i n e  combustion. 
I f  on ly  a smal l  q u a n t i t y  
D. 5 LARGE SPILLS 
When large q u a n t i t i e s  o f  l i q u i d  f l u o r i n e  are s p i l l e d  around 
a launch f a c i l i t y ,  combustion w i l l  probably occur .  The f l u o r i n e  w i l l  
i n i t i a l l y  react h y p e r g o l i c a l l y  w i t h  something t h a t  i s  n o t  compzt ib le  
w i t h  l i q u i d  f l u o r i n e ,  l i b e r a t i n g  enough heat t o  ra ise  the  immediate 
tempera ture  t o  the  k i n d l i n g  p J i n t s  of  t h e  f luor ine-compat ib le  meLals. 
The metals w i l l  start t o  burn,  and a c o n f l a g r a t i o n  r e s u l t i n g  i n  s e r i o u s  
d a m s e  t o  the v e h i c l e  and f a c i l i t y  w i l l  cccur. A f i r e b a l l  is l i k e l y  
t o  r e z a l t ,  and t h e  cloud plume w i l l  t r a v e l  v e r t i c a l l y  upward. 
I n  a l l  of t h e  above s i t u a t i o n s  i t  i s  assumed no a t tempt  
is made t o  c o n t r o l  o r  reduce t h e  quar , t i ty  released. The q u a n t i t y  s p i l l e d  
can be  minimized i n  almost a l l  fa i lure  modes by t h e  proper  des ign  o f  
t h e  system pip ing  and t h e  u t i l i z a t i o n  o f  a l ink-wire  s a f e t y  c i r c u i t .  
It is s t r o n g l y  recommended t h a t  maximum e f f o r t  i n  des ign  and procedura i  
techniques  be exerc ised  t o  minimize the  q u a n t i t i e s  o f  f l u o r i n e  r e l e a s e d .  
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D. 6. SUMIARY 
When * s p i l l  reacts chemically,  normally enough heat is 
genera ted  t o  c a u s '  a r i s i n g  c loud ,  which is d i s p e r s e d  by t h e  winds. 
A non-react ive s p i l l  l e a v e s  f l u o r i n e  and HF a t  t h e  ground l e v e l .  A 
s m a l l  r e a c t i v e  s p i l l  may react with i t s  c o n t a i n e r  bu t  no t  gene ra t e  
er.ough heat t o  d i sperse  it. Large s p i l l s  can wipe o u t  t h e  f a c i l i t y  
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E. 1. BACKGROUND 
NASA and t h e  Air Force have been ve ry  i n t e r e s t e d  i n  c o n t r o l l i n g  
l i q u i d  f l u o r i n e  s p i l l s ,  and most of the  work i n  t h i s  area was done e a r l y ,  
when f l u o r i n e  was first s e r i o u s l y  cons idered  a s  a p r o p e l l a n t  o x i d i z e r .  
I n  1959 an i n v e s t i g a t i o n  was conducted t h a t  s t u d i e d  the  e f f e c t i v e n e s s  
of water s p r a y  and sodium ca rbona te  as s u p p r e s s a n t s  (Ref. 3-41. Other 
suppres san t  s t u d i e s  are inc luded  i n  References 2-6, 4-4, B-3 ,  and E-1 
through E-3.  
Opera t ing  procedures  d e t a i l i n g  t h e  proper  handl ing  of l i q u i d  
f l u o r i n e  and improved system des ign  have been developed,  minimizing t h e  
r i s k  of a large s p i l l .  However, the  cryogenic  and hype rgo l i c  p r o p e r t i e s  
of l i q u i d  f l u o r i n e  and its t o x i c  n a t u r e  mandate t h e  fo rmula t ion  and 
tes t ing of emergency procedures  t o  combat and suppres s  a c c i d e n t a l  l i q u i d  
f l u o r i n e  s p i l l s .  Once s p i l l e d ,  l i q u i d  f l u o r i n e  cannot  s imply be gathered 
i n  catch b a s i n s  and reclaimed. The extreme r e a c t i v i t y  of f l u o r i n e  
p rec ludes  t h i s .  A s  mentioned p rev ious ly ,  there are two modes of l i q u i d  
f l u o r i n e  release, h o t  and co ld .  If large q u a n t i t i e s  o f  l i q u i d  f l u o r i n e  
are s p i l l e d ,  a c ryogenic  co ld  s p i l l  cannot  be tolerated because o f  
t he  e x t e n s i v e  ground-level  p o l l u t i o n  t h a t  r e s u l t s .  I n  a l l  p r o b a b i l i t y  
the s p i l l  would be a ho t  one,  w i t h  t he  f l u o r i n e  f i re  feeding upon t h e  
f a c i l i t y  and v e h i c l e  i n  t h e  s p i l l  area. The suppres s ion  of l i q u i d  
f l u o r i n e  s p i l l s  has a d u a l  purpose. Both -ground-level p o l l u t i o n  l e v e l s  
and f a c i l i t y  damage are minimized. T h i s  i s  achieved  by supply ing  an 
a l t e r n a t e  r e a c t a n t ,  i n  excess q u a n t i t i e s ,  a t  t he  s p i l l  s i t e ,  w i t h  which 
f l u o r i n e  w i l l  react  smoothly. A h o t  r e a c t i o n  o c c u r s ,  l i b e r a t i n g  enough 
heat t o  c a r r y  t h e  product  c loud high i n t o  t h e  a tmosphere,  t h u s  speeding  
the disbursement  o f  p o l l u t a n t s .  
I d e a l l y ,  t h e  r e a c t i o n  between t h e  r e a c t a n t  and ; luor ine  
w i l l  y i e l d  i n e r t ,  nontoxic  products .  The r e a c t i o n  should be a smooth- 
bu rn ing  one. Explos ive ,  uneven combustion r e s u l t s  i n  s p l a t t e r i n g ,  
blowing some l i q u i d  f l u o r i n e  away from t h e  i n i t i a l  s p i l l  s i t e  and t h e  
suppres san t .  High heats  of reaction are desirable because t h e  released 
thermal energy and convec t ion  currents  c a r r y  t h e  product  p o l l u t a n t s  
high i n t o  t h e  a tmosphere,  creating an e l eva ted  p o l l u t i o n  source, r educ ing  
ground-level  p o l l u t i o n .  F i n a l l y ,  t h e  r e a c t a n t  must be  r e l a t i v e l y  e a s y  
t o  d e l i v e r  and app ly  on t h e  s p i l l .  
E. 2. SUPPRESSANT TESTS WITH VARIOUS MATERIALS 
H. Schmidt has s t u d i e d  t h e  r e a c t i o n  character is t ics  o f  c h a r c o a l  
and l i q u i d  f l u o r i n e  a t  the Lewis Research Center  (Refs. E-2 through E-5). 
Charcoal and l i q u i d  f l u o r i n e  react h y p e r g o l i c a l l y .  Burning is ve ry  smooth, 
and a great deal of heat i s  released. The product  c loud  t r a v e l s  a lmost  
v e r t i c a l l y  upward and r a p i d l y  d i s p e r s e s  i n t o  t h e  atmosphere. The r e a c t i o n  
p roduc t ,  t e t r a f luo romethane  (carbon t e t r a f l u o r i d e ) ,  is  both  r e l a t i v e l y  
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nontoxic  and i n e r t .  Charcoal is, however, i m p r a c t i c a l  as  a s p i l l  r e a c t a n t  
because it cannot  be e a s i l y  a p p l i e d  t o  t h e  s p i l l .  
t h a t  charcoal be placed around l i q u i d  f l u o r i n e  handl ing  areas and i n  
t r e n c h e s  below p i p e s  c a r r y i n g  l i q u i d  f l u o r i n e  a t  ground handl ing  s t a t i o n s .  
Charcoal has been used f o r  the d i s p o s a l  of l i q u i d  f l u o r i n e  a t  L e w i s ,  
acd cha rcoa l  reactors have been designed and tested by Schmidt. 
It is suggested Chat when a s i t u a t i o n  arises where a s p i l l  becomes 
probable, s a y  t h e  p r e s s u r e  i n  s loaded p r o p e l l a n t  tank  becomes too h igh  
and cannot  be brought  down, these reactors could  be used as emergency 
d i s p o s a l  units fo r  l i q u i d  f l u o r i n e .  The reactors would permit t h e  
dumping of l i q u i d  f l u o r i n e  i n  emergency s i t u a t i o n s ,  b u t  a v e r v  larae 
u n i t  would be r equ i r ed  t o  get enough s u r f a c e  for r e a c t i o n .  A s  a s p i l l  
s u p p r e s s a n t ,  thcugh,  charcoal is n o t  the recommended choice .  
It h a s  been sugges ted  
Sodium ca rbona te  (Na$03/Soda Ash) has been tested as  a 
s p i l l  r e a c t a n t  by both NASA and t h e  A i r  Force  and is  more e f f i c i e n t  
t han  charcoal. Rickey, d u r i n g  t h e  Haystack B u t t e s  tests, used 5,400 
kg ( 6  t o n s )  o f  sodium ca rbona te  to  n e u t r a l i z e  735 kg (1620 lbm) of 
l i q u i d  f l u o r i n e  (Ref. 3-11). About 1,800 kg (2 t o n s )  o f  a d d i t i o n a l  
sodium ca rbona te  were i n  t h e  t r a y  from a p rev ious  tes t .  
time between tests, t h e  r e s i d u a l  ca rbona te  became wet and hydra ted  due  
t o  r a i n f a l l  and humidity. T h i s  r e s i d u e  was shove l l ed  t o  t h e  s i d e  bu t  
was no t  removed from t h e  t r a y .  The l i q i l i d  f l u o r i n e  was discharged 
i n t o  t h e  pan, followed 20 seconds  l a t e r  by t h e  rslease o f  t h e  fresh 
sodium carbortate .  The f l u o r i n e  reacted v i o l e n t l y  w i t h  t h e  hydra ted  
ca rbona te  from the previous  t e s t .  When t h e  f l u o r i n e  and fresh ca rbona te  
combined, a great deal o f  heat was gene ra t ed ,  and many small exp los ions  
were heard. The e n t i r e  f l u o r i n e  d isbursement  took  about  3 minutes .  
During t h e  
NASA conducted tests designed t o  de te rmine  i f  these r e a c t i o n s  
r e s u l t e d  i n  c a p t u r e  o f  f l u o r i n e  by t h e  de luge  agen t .  Tests were c m d u c t e d  
i n  a 2 x 2 m ( 6  f t  x 6 f t )  s t r u c t u r e  covered by 0.6 cm ( l / 4  i n . )  asbestos 
board. The s t r u c t u r e  was n o t  gas t i g h t ,  n o r  was i t  s t r o n g  enough t o  
wi ths tand  large p res su re  p u l s e s ;  however, i t  d i d  prevent  t h e  gases 
from blowing away. The tests w i t h  both  gaseous and l i q u i d  f l u o r i n e  
i n d i c a t e d  t h a t  approximate ly  30 pe rcen t  of t h e  f l u o r i n e  was cap tu red  
by the sodium ca rbona te .  
Both tests showed t h a t  sodium ca rbona te  was an e f f e c t i v e  
r e a c t a n t ,  bu t  the removal o f  t h e  g l a s s - l i k e  f u s i o n  of f l u o r i d e s  and 
carbonate  was ext remely  l a b o r i o u s ,  i nvo lv ing  many man-hours. T h i s  
r e a c t a n t  would make q u i t e  a mess a t  a t e s t  f a c i l i t y ,  and fu r the rmore ,  
i t  is  d i f f i c u l t  t o  d e l i v e r  sodium ca rbona te  t o  t h e  s i t e  of t h e  s p i l l .  
F i n a l l y ,  sodium carbonate  is s l i g h t l y  hydroscopic ,  abso rb ing  moi s tu re  
from humid a i r .  The r e s u l t i n g  h y d r a t e  reacts e x p l o s i v e l y  w i t h  l i q u i d  
f l u o r i n e .  
E.3. WATER SUPPRESSANT TESTS 
Water fog is cons idered  to  be t h e  best  n e u t r a l i z i n g  r e a c t a n t  
f o r  l i q u i d  f l u o r i n e  s p i l l s .  For c l a r i t y ,  t h e  term n e u t r a l i z e ,  as used 
here, means to combine wi th  u n t i l  there is  no f u r t h e r  exothermic r e a c t i o n .  
F ine  d r o p l e t s  of water are sprayed on to  t h e  s p i l l .  Upon mixing w i t h  
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t h e  l i q u i d  f l u o r i n e ,  a smooth, hypergol ic  combustion occur s .  I n  some 
s t u d i e s ,  l i q u i d  f l u o r i n e  was observed t o  react v i o l e n t l y  when s p i l l e d  
o n t o  s t a n d i n g  water. The smoothness of t h e  l i q u i d  f luor ine-water  fog  
r e a c t i o n  is due,  i n  p a r t ,  t o  t h e  i n c r e a s e d  s u r f a c e  area c r e a t e d  by 
breaking  up t h e  water  stream i n t o  f i n e  particles. S ince  t h e  r e a c t i o n  
is  smooth, a l l  t he  f l u o r i n e  remains n e a r  t h e  s p i l l  s i t e  and reacts w i t h  
t h e  fog or is pu l l ed  up i n t o  t h e  r i s i n g  cloud columns by t h e  scavenging 
effect .  Since t h e  r e a c t i o n  is h i g h l y  exothermic,  t h e  gaseous t o x i c  
p roduc t ,  hydrogen f l u o r i d e ,  i s  carr ied almost  v e r t i c a l l y  a l o f t ,  and 
t h e  cloud column r a p i d l y  d i f f u s e s  i n t o  t h e  atmosphere.  
I n  1959 Rickey (Ref. 3-4) used 1 ,225  kg (2700 lbm)  o f  wdter 
t o  n e u t r a l i z e  728 kg (1605 lbm) o f  l i q u i d  f l u o r i n e .  Cloud d i s s i p a t i o n  
was r a p i d ,  and the  motion o f  t h e  react, ion cloud was n e a r l y  v e r t i c a l  
from the  s p i l l  s i te.  It took approximately 2 minutes  and 30 seconds 
fo r  the  f l u o r i n e  s p i l l  t o  be n e u t r a l i z e d .  Test an imals  placed 46 m 
(150 f t )  from t h e  s p i l l  s i t e  d i d  no t  show any s i g n s  o f  f l u o r i n e  i n t o x i c a t i o n .  
T h i s  is  another  i n d i c a t i o n  of t h e  r a p i d  upward d i s p e r s a l  o f  t h e  r e a c t i o n  
cloud.  The NASA test  measuring t h e  amount of f l u o r i n e  c a p t u r e d  by 
t h e  de luge  agent  estimated t h a t  water fog  captured  froffi 30 t o  40 p e r c e n t  
of the f l u o r i n e  s p i l l e d .  The open c o n d i t i o n s  t h a t  e x i s t  a t  launch 
s i t e s  would be l i k e l y  t o  decrease t h i s  percentage.  The p l a n s  for. water 
fog  n e u t r a l i z a t i o n  systems should i n c l u d e  catch b a s i n s  t o  co l l ec t  t h e  
r u n o f f  water, which w i l l  be contaminated w i t h  h i g h l y  t o x i c  h y d r o f l u o r i c  
a c i d .  
s u b s t a n c e s .  
o u t  t he  f l u o r i d e  as  i n s o l u b l e  CaF2. 
Th i s  water can then  be treated w i t h  C a ( O H I 2  o r  other a l k a l i n e  
The Ca(OH12 would n e u t r a l i z e  t h e  acid as well as  p r e c i p i t a t e  
Water fog  de luge  systems are p r e s e n t l y  cons idered  t h e  b e s t  
suppressant  technique f o r  large l i q u i d  f l u o r i n e  s p i l l s .  The f'og r e a d i l y  
reacts  w i t h  f l u o r i n e ,  forming t h e  less  t o x i c  HF. The r a p i d  r e a c t i o n  
with water s p r a y  minimizes t h e  damage t o  sur rcunding  materials. The 
t o x i c  gaseous products  are reduced because o f  ;he entrapment  i n  t h e  
l i q u i d  s ta te  and are carried r a p i d l y  a l o f t ,  minimizing ground-level  
p o l l u t i o n .  Maximum n e u t r a l i z a t i o n  o f  any  f l u o r i n e  s p i l l  i s  a b s o l u t e l y  
necessa ry ,  and water s p r a y  is  t h e  s i m p l e s t  method of doing t h e  job .  
More r e c e n t  exper ience  with n e u t r a l i z i n g  f l u o r i n e ,  c o n s i s t i n g  
of planned releases by J P L  a t  t h e i r  Edwards Test S t a t i c n ,  takes  t h e  
water fog  deluge one s t e p  f u r t h e r .  A de luge  sc rubbe r  system u t i l i z i n g  
a 2% NaOH s o l u t i o n  reacts w i t h  a l l  planned releases o f  l i q u i d  and gaseous  
f l u o r i n e  a s  well as engine  combustion p roduc t s .  The NaOH s o l u t i o n ' s  
r e a c t i o n  rate w i t h  f l u o r i n e  is s i g n i f i c a n t l y  h ighe r  t han  t h a t  o f  water 
a l o n e ,  and proper  system des ign  can a s s u r e  99.9% n e u t r a l i z a t i o n .  The 
s o l u t i o n  is a l l  d ra ined  back t o  a large c a t c h - s c a l e  b a s i n ,  which is  
t h e  supply  sou rce  f o r  t h e  pump-fed de luge  scrubber  system. The f l u o r i n e  
is  entrapped i n  t h e  s o l u t i o n  3s NaF. Subsequent ly ,  i t  is p r e c i p i t a t e d  
o u t  by the  a d d i t i o n  o f  C a ( O H I 2 .  It is conce ivable  t h a t  similar arca- 
wide deluge systems couid be designed and i n s t a l l e d  t o  improve t h i s  
n e u t r a l i z a t i o n  e f f i c i e n c y  f o r  l a r g e r  s p i l l s ,  b u t  t h i s  would c e r t a i n l y  
e n t a i l  more e f f o r t  and expense than t h e  s t r a i g h t  water deluge.  The 
t r a d e - o f f  is between t h e  expense and t h e  degree  of n e u t r a l i z a t i o n  r e q u i r e d  
t o  i n s u r e  personnel  s a f e t y .  
E.4. SUMMARY 
Various s p i l l  suppres san t s  were tested. Charcoal r e a c t o r s  
Water s p r a y s  are s u p e r i o r  and w i t h  the  2% NaOH s o l u t i o n  used 
would have t o  be large. Sodium carbonate  l e a v e s  a residue hard t o  
c leanup.  
a t  ETS a c h i e v e s  t h e  highest  degree of n e u t r a l i z a t i o n .  
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APPENDIX F 
ATMOSPHERIC DIFFUSION STUDIES 
F. 1. INTRODUCTION 
I f  an a c c i d e n t a l  r e l e a s e  o r  s p i l l  were t o  occur w h i l e  l i q u i d  
f l u o r i n e  was being used, the  product cloud would C O I I S ! ~ ~  p r imar i ly  o f  
hydrogen f l u o r i d e  g a s  and a smal l  amount o f  f l u o r i n e  gas .  Both o f  
t hese  products  a r e  t o x i c ,  and i t  is important  t o  know how t h e s e  g z s e s  
d i f f u s e  i n t o  the  atmosphere. Most i n v e s t i g a t i o n s  d e a l i n g  w i t h  a tmospheric  
p o l l u t a n t s  nave placed their emphasis on t h e  t ime v a r i a t i o n  of  t h e  a i r  
p o l l u t i o n  caused by t h e  i n c r e a s i n g  amount of  f o r e i g n  m a t e r i a l s  being 
i n t r o d i c e d  i n t o  the  a i r  from such sources  as au tomobi les ,  f a c t o r i e s ,  
and open fires. The a i r  p o l l u t i o n  problem f a c i n g  NASA is t h e  atmoskheric  
d i f f u s i o n  of t o x i c  f u e l  exhaust  products .  The r e l e a s e  o f  l i c y i d  f l u o r i n e  
around t h e  KSC f a c i l i t i e s  (F ig .  B-11, as t h e  r e s u l t  o f  a c c i d e n t s  such 
as damage t o  t r a n s p o r t a t i o n  equipment,  f i r e  i n  a chemical-s torage f a c i l i t y ,  
o r  t h e  r u p t u r e  of a p r o p e l l a n t  t ank ,  could c r e a t e  a s i t u a t i o n  where 
p 3 l l u t a n t s  a r e  r e l eased  i n  an uncont ro l led  manner a t  an unpred ic t ab le  
';ime. Even under such c i rcumstances ,  it should be p o s s i b l e  t o  p r e d i c t  
w i t h  f a i r  accuracy t h e  v a r i e t y  of probable  c o n d i t i o n s  of  an a c c i d e n t  
and hence t o  p r e d i c t  t h e  corresponding exposure parameters .  NASA has 
spansored many d i f f u s i o n  programs t h a t  e s t i m a t e  cbncen t r a t ion  and dosage 
f ie lds  which would r e s u l t  3 o m  vary ing  me teo ro log ica l  cond i t ions  axd 
r e l e a s e  modes. These models a r e  completely gene ra l  and can s imula t e  
f i e l d s  f o r  any a i rbo rne  p o l l a t a n t .  
F. 2. DIFFUSION MODELING 
Formulation of a reliable d i f f u s i o n  model i s  a complicated 
and mathematical ly  t ed ious  process .  F i r s t ,  t h e  meteorological.  f a c t o r s  
t h a t  i n f l u e n c e  d i f f u s i o n  and t h e  conceivable  modes o f  f l u o r i n e  r e l e a s e  
mus t  be i d e n t i f i e d  and mathematical iy  approximated. Var iab le  parameters  
must  be chosen so t h a t  v a r i o u s  r e l e a s e  mofes and weather cond i t ions  may 
be s imula ted .  A d e t a i l e d  s t u d y  of  meteoro logica l  c o n d i t i o n s  m u s t  be con- 
ducted t o  ob ta in  i n p u t  parameters  a p p r o p r i a t e  f o r  t h e  a r e a  i n  which t h e  
d i f f u s i o n  y-ocesses  a r e  t o  be app l i ed .  A similar s t u d y  must ana lyze  the  
va r ious  r e l e a s e  modes i n  o rder  t o  determine the  proper source parameters .  
A model f o r  t he  d i s p e r s i o n  of t o x i c  p o l l u t a n t  products  m u s t  
provide an a c c u r a t e  d e s c r i p t i o n  of t h e  a tmospheric  t r a n s p o r t ,  d i s p e r s a l ,  
and decay of a l l  n o n s e t t l i n g  a i rbo rne  t o x i c  m a t e r i a l s .  The model must 
g ive  s a t i s f a c t o r y  q u a n t i t a t i v e  e s t i m a t e s  of t h e  concen t r a t ion  o r  dosage 
f i e l d s  of t ox ic  m a t e r i a l s  from a source  c h a r a i t e r i z e d  by a known s t r e n g t h  
and geometry. The model should a l s o  note  the  downwind ground-level  
d i s t a n c e s  a t  which concen t r a t ions  and dosages exceed e s t a b l i s h e d  th re sho ld  
limits. S a t i s f a c t o r y  q u a n t i t a t i v e  e s t i m a t e s  of  the  s u r f a c e  d e p o s i t i o n  
of t o x i c  m a t e r i a l s  r e s u l t i n g  from gravi ta tLona1 s e t t l i n g ,  p r e c i p i t a t i o n ,  
and o t h e r  removal mechanisms m u s t  be c a l c u l a t e d .  The d i f f u s i o n  models 
cons t ruc t ed  t o  da t e  have been gene ra l i zed  models a p p l i c a b l e  t o  d i f f e r e n t  
p o l l u t a n t s ,  source types  and s t r e n g t h s ,  and vary ing  weather c o n d i t i o n s .  
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Some of the  s t u d i e s  sponsr.ed by NASA o r  t h e  A i r  FcrrcG, 
detail ing weather c o n d i t i o n s  i n  t he  KSC area and descr ibing comkuterized 
d i f f u s i o n  models are References 4-8, B-3, B-4,  and F - 1  tn rough F-6. 
These r e p o r t s  were b u i l t  upon t h e  foundat ion  l a i d  by previous  models 
such as the  Ocean Breeze and Dry Gulch Diffusior ,  p r o g r m .  
Dif fus ion  work is still  developing ,  and many d i f f e r e n t  
approaches are used ,  bu t  they  s t i l l  draw h e a v i l y  from p a s t  work. Some 
o f  t h e  earlier papers  are References F-7 through F-13, and some of 
t h e  more c u r r e n t  l i t e ra ture  on d i f f u s i o n  c louds  i s  g iven  i n  References 
F-14 through F-18, where t h e  contaminant o f  most concern is hydroch lo r j c  
? c l d  from s o l i d  p r o p e l l a n t  r o c k e t s .  
GCA (Refs. F-2, F-3) has  developed g e n e r a l i z e d  concen t r a t ion  
aqd dosage models t h a t  are,  i n  p r i n c i p l e ,  a p p l i c a b l e  t o  a l l  sou rce  
t y p e s ,  t o  dll environmental  regimes, and t o  both mic rosca le  and mesoscale  
a tEospher ic  processes .  These gene ra l i zed  models were developed d u r i n g  
programs sponsored by t h e  Army (Refs. F-7, F-?) and t h e  P a c i f i c  Missile 
Range (Ref. F-9). The focus  o f  these models was on t h e  t r a n s p o r t  and 
d i s p e r s a l  o f  p o l l u t a n t s  between t h e  ground and a he ight  of 1 k i l o m e t e r ,  
but  these concen t r a t ion  and dosage models were thought  p e r f e c t l y  s u i t a b l e  
f o r  t h i s  p r o j e c t .  The b a s i c  format o f  these g e n e r a l i z e d  equa t ions  is 
based oa t h e  Gaussian plume model descr ibed by 2 a s q u i l  (Ref. F-10, 
p. 190).  Addi t iona l  terms are inc luded  t o  account  f o r  t h e  e f f e c t s  of  
mesoscale f a c t o r s  such as depth  o f  s u r f a c e  mixing i n  t h e  layers ,  wind 
shear i n  mixing l a y e r ,  and elements  t h a t  c o n t r o l  v e r t i c a l  and la te ra l  
d i f f u s i o n .  The equa t ions  are a l s o  a d j u s t a b l e  f o r  sou rce  dimension and 
time o f  d u r a t i o n  o f  emission.  
Thayer a t  t h e  Ceomet Inco rpora t ion  (Ref, F-4) formulated 
a d i f f u s i o n  model u s i n g  similar concen t r z+ lon  and dosage gquat ions .  
However, t h i s  model is concerned w i t h  t h e  mixing t h a t  ociurs i n  t h e  
layer  from 5 t o  30 km above t h e  ground. T h i s  program can be i n t e r f a c e d  
w i t h  the 0 t o  5 km program designed by CCA. 
Tkese d i f f u s i o n  models are computer programs r e q u i r i n g  basic 
i n p u t  parameters. These can be ditvic!ed i n t o  two j a t e g o r i e s :  sou rce  
i n p u t s  and meteoro logica l  i npu t s .  The basic source  informat ion  . iecessary 
t o  c a l c u l a t e  c o n c e n t r a t i d s  and dosage f ie lds  is t h e  amount o f  t o x i c  
material released, t h e  ra te  a t  which i t  is released, t h e  dimensions i n  
space  o f  t h e  cloud a f te r  r each ing  equ i l ib r ium,  and t h e  phys ica l  and 
chemical p r o p e r t i e s  of  t h e  materials i n  t h e  stabi1.i zed cloud.  
Large t o x i c  propel lanb  ,Beleases invo lv ing  i i q u i d  f l u o r i r  
would probably a l l  be hot .  An apprec+.able co ld - f luo r ine  s p i l l  would ,- 
r e a c t i v e  w i t h  t h e  sur roundings  and l i k e l y  become a hot  s p i l l .  Research 
conducted on buoyant c louds ,  t h e  type  t h a t  results from a hot  re leas- . ,  
has been based on e i t h e r  mall-scale o r  l a r g e - s c a l e  c louds  l i k e  those  
genera ted  by i n d u s t r i a l  smoke stacks o r  a tomic exp ios ions ,  r e 3 p e c t i v e l y .  
An understanding of t he  growth and development o f  buoyant c ?  m d t  lu )u ld  
h e l p  i n  d e f i n i n g  source  parameter a necessary  f o r  d i f f u s i o n  , x ( ? e L ~ .  The 
best  background informat ion  on in s t an taneous  cloud ;uurces . .s p ~ ~ i r ~  1.y 
t h a t  of  Morton, Taylor ,  and Turner  (Ref. F-?::. T h i s  worl, was mocif idd 
by Braggs and was used t o  d e f i n e  source?  n t he  CCA d i f f u s i o n  model. 
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Ir. 1970 t h e  Geocet. Corpora t ion  undertook a t h e o r e t i c a l  and 
empi r i ca l  s tudy  of t h e  buoyant c louds  t h a t  r e s u l t  from t h e  exhaust  plume 
of rocke+-engine  test  P i r i n g s .  Th?y c o n s t r u c t e d  a physical-numerical  
model s imula t ing  rocke t  e n g i n e - e x b u s t  c loud rise and growth. &met 
e m p i r i c a l l y  analyzed f i l n s  o f  s ta t ic  r o c k e t  eng ine  test firings s u p p l i e d  
by Marshall Space F l i g h t  Center.  They then  cons t ruc t ed  d theoretical 
model t h a t  simulates many o f  t h e  s i g n i f i c a n t  p h y s i c a l  p rocesses  involved  
i n  the  rise and growth o f  exhaus t  c louds.  ( 1 )  The 
m a x i m u m  he igh t  to -h i c ’ .  t he  cloud ascends  b e f o r e  it becomes envi ronmenta l ly  
stable,  (2) The height of t h e  cloud as a f u n c t i o n  o f  time after its 
format ion ,  ( 3 )  The rise rate  or v e r t i c a l  v e l o c i t y  of t h e  cloud as a 
func t ion  of he igh t  o r  time after format ion ,  (4) The tempera ture  of t h e  
cloud as a func;ion o f  h e i g h t  or time after format ion ,  and (5) The growth 
rate cf :ne cloud.  The model fo rmula t ions  are generai, apply ing  to  a l l  
t y p e s  of buoyant c louds  and va r ious  atmospheric  c o n d i t i - n s .  
These inc luded:  
F. j. HETEOKOLOGICAL RODELLING 
Cloud growth, development,  and d i s s i p a t i o n  occur i n  three 
s e p a r a t e  phases.  F.:rs, is t h e  j e t  phase,  where the  exhaus t  c loud moves 
through the resis’ , ivg a i r  and i 3  sub jec t ed  t o  tu rbu lence  induced by its 
own no t i cn .  The id  p b s o  occur s  when the  j e t - i n d u e d  motion decreases 
ir, i n t e n s i t y  and - atmospheric tu rbu lence  becomes dominant. The mixins  
or’ exhaust. gas w i t h  ambient a i r  a t  t h i s  po in t  proceeds a t  a rate determined 
by a twspher ic  p r o p e r t i e s .  ‘Lie naximum h e i g h t  to which t h e  c loud  rises be- 
f o r e  it becomes env i ro imen ta l ly  stable is reached d u r i n g  t h i s  phase.  These 
two phases are  tlie cnes o f  i n t e r e s t  i n  th t  exhaus t  c loud  growth model. The 
t h i r d  phase - g i n s  after t h e  cloud has l o s t  its e f f e c t i v e  independent  motion 
and buoyancy; pure  atmospheric  d i f f c s i o n  now begins .  A sound theoret’lal 
mcdel 31; buoyant cloud g r s w t h  snd dcvelopment is  o f  use i n  d i f f u s i o n  e l s  
becausr  it be lps  t o  d e f i n e  necessa ry  sou rce  parameters such as t h e  dimen- 
sims i n  space  of t h e  cloud after reazhing equ i l ib r ium.  
The gene ra l i zed  equa t ions  fGr c o n c e n t r a t i o n  and dosages  a l s o  
r e q u i r e  metzorologFca1 i n p u t s .  These i n p u t  pdrameters  are p r i n c i p a l l y  
dotermined from a d e t a i l e d  knowledqe o f  t h e  wind, tcmpera ture ,  and humidi ty  
f A e l C s  wi th in  t h e  refe-ence a i r  voluqe. Meteoro:ogical data at KSC have 
been e x t e n s i v e l y  analyzed by GCA ana o t h e r s .  tiill (Kef. F-12) reviewed 
t n e  sea  breeze c i r c u l a t i o n  and desc r ibed  t h e  characteristics of sea b reeze  
f r o n t s .  Endl ich Lt-a. ( ik f .  F-13) used J i T i s p h e r e  soundings t o  ana lyze  
features of vertica.l .  wind p r o f i l e s  i n  t h e  l a y e r  o f  a i r  ex tending  from 
20C m t o  15 km above t h e  ground. Smaller scale s t u d i e s  between ground 
l e v e l  and 150 m have been done by s e v e r a l  researchers. GCA analyzed f l i g h t  
d a t a  and d a i l y  r e a d i n g s  from t h e  15G m KSC me tec ro log ica l  tower f o r  a 
2-year per iod .  From t h i s  great q u a n t i t y  o f  data,  average  d a i l y  wind 
p r o f i i e s  and temperature  g r a d i e n t s  were determined for v a r i z u s  seasons .  
k aL, t i layer  a tmcspher ic  c o n s t r u c t i o n  is used t o  d e s c r i b e  t h e  
a i r  mass around KSC. The atmc3phert  is of+, .n  comprised of  s e v e r a l  l a y e r s  
o f  very  d i s t - :  . ‘--*..e wind, t emte ra tu re ,  a;ld humidi ty  f i e l d s .  Large horizon-  
t a l  s p a t i a l  i;i .. = t i o n s  i n  *+r:. regimes a l s o  occur  i n  a s i n g l e  l a y e r  o f  t h e  
rezerence  vo1 ‘me, y:-imarily a3 a ~ e s u l  t of land-water  i n t e r f a c e s .  Vertical 
s t r a t i f i c s t i c n  if hanalec ; app ly ing  t h e  g e n e r a l i z e d  concen t r a t ion  and 
dosage models t o  i n d i v i d u a l  l a y e r s  i n  which t h e  me teo ro log ica l  s t r u c t u r e  
is reasonably  homogeneous. Layer boundaries  are placed a r b i t r a r i l y  a t  
t h e  p o i n t s  o f  major d i s c o n t i n u i t i e s  i n  t h e  v e r t i c a l  p r o f i l e  o f  wind, 
tempera ture ,  and humidity.  For s i m p l i c i t y ,  it is assumed t h a t  no f l u x  
of materials occurs between l a y e r s  as a r e s u l t  o f  t u r b u l e n t  mixing. 
However, p rov i s ions  are made f o r  t h e  f l u x  of materials across l a y e r  
boundar ies  as  a r e s u l t  o f  g r a v i t a t i o n a l  s e t t l i n g  and p r e c i p i t a t i o n  
scavenging.  S t e p  changes i n  t h e  s t r u c t u r e  o f  a l a y e r  a t  some h o r i z o n t a l  
d i s t a n c e  dounKind are accommodated by s topp ing  t h e  t r a n s p o r t  and d i f f u s i o n  
p r c c e s s e s  i n  t h e  l a y e r  a f f e c t e d  by the  change i n  s t r u c t u r e ,  c a l c u l a t i n g  
a E-+ o f  i n i t i a l  sr.urce and meteoro logica l  model i n p u t s ,  and then  - e s t a r t i n g  
the t r a n s p o r t  p rocess  w i t h  new i n p u t .  
The d i f f u s i o n  models are very  g e n e r a l  and r e q u i r e  a great deal 
of sophisticated mathematics. They are not  l i m i t e d  i n  a p p l i c a b i l i t y  t o  
KSC. However, b e f o r e  these d i f f u s i o n  models can  be u t i l i z e d  a t  other 
l o c a l e s ,  e x t e n s i v e  f f ie teoro logicd  s t u d i e s  m m t  be c a r r i e d  o u t  i n  t he  
area i n  o r d e r  t o  determine boundary layers and o t h e r  me teo ro log ica l  i n p u t s .  
The p resen t  programs can  be used t o  estimate c o n c e n t r a t i o n  and dosage 
f i e lds  f o r  any t o x i c  p r o p e l l a n t ,  and both chemical and phys ica l  p rope r ty  
paraiieters are b u i l t  i n t o  them. The ccmplexi ty  o f  d i f f u s i o n  problems is 
v e r y  great,  and the best models t o  e!nte probably g i v e  o n l y  o r d e r  of mag- 
n i t u d e  r e s a l u t i o n  estimates. Cviitiniled e f f o r t  would probably lead t c  
r e f inemen t s  i n  theo ry ,  p a r t i c u l a - l y  i n  t h e  mesoscale i n t e r a c t i o n  w i t h  
bnrder icg  weather systems.  
F. 4. RECENT INVESTIGATIONS 
Recent d i f f u s i o n  s t u d i e s  have focused on t h e  d i s p e r s a l  o f  
hydroch lo r i c  acid (HC1) from s o l i d - p r o p e l l a n t  r o c k e t  launches .  References 
F-14, F-15 are a n a l y t i c a l  p r e d i c t i o n s  f o r  S h u t t l e  launches ,  which w i l l  
use  s o l i d  p r o p e l l a n t  r o c k e t  b o o s t e r s .  Measurements o f  H C 1  from earlier 
T i t a n  3 l aunches  are correlated w i t h  theo ry  i n  References F-16 through 
F-18, where va r ious  t echn iques  are used,  inclt '!ing ground measurements, 
photcgraphs,  r a i n - l i k e  water -drople t  a b s o r p t i o n ,  and a i rc raf t  measurements. 
The FLOX/Atlas program estimated t h a t  25,000 kg  (55 ,000  lbm) 
o f  3.iquid f l x o r i n e  i n  a 30 pe rcen t  FLOX mix tu re  would be needed t o  l i f t  
-:le Atlas boos te r .  Estimates were made of  t h e  atmospheric  concer ,+ra t ions  
o f  f luorides t h a t  would r e s u l t  from a v e h i c l e  c o n f l a g r a t i o n  invo lv ing  the 
t o t a l  25,000 kg  (55,000 lbm) o f  l i q u i d  f l u o r i n e .  A t  a d i % b n c e  of 4.6 krn 
(15,000 f t )  t h e  maximum f l u o r i n e  c o n c e n t r a t i o n s  ?anpe from 5.3 ppm i n  
u n s t a b l e  a i r  c o n d i t i o n s  t o  180 ppm dur ing  very  s t a b l e  meteoro logica l  
c o n d i t i o n s .  For a n e u t r a l i z e d  co ld  s p i l l  o f  2,700 kg (6 ,000  Ibm; of 
l i q u i a  f l u o r i n e ,  t h e  maximum f l u o r i n e  c o n c e n t r a t i o n s  range  from 0 .2  t o  
6.2 ppm for uns t ab le  t o  very  s t a b l e  me teo ro log ica l  c o n d i t i o n s ,  r e s p e c t i v e l y .  
The p o l l u t a n t  c o n c e n t r a t i o n s  r e e u l t i n g  from a l i q u i d  f l u o r i n e  mishap 
. l u r ing  t h e  S h u t t i e  ~ ~ o g r a m  would be even less, s i n c e  a maximum of about  
7,350 k g  (3000 13m) 0: l i q u i d  f luor ' -ne w G u l d  be c a r r i e d  by t h e  payloads.  
S p i l l  n e u t r a l i z a t i o n  t e r .3  have inc ' icated t h a t  t h e  d i s p e r s a l  o f  t h e  t o x i c  
c loud  r e s u l t i n g  from B 725 k g  (1600 lbm) ho t  l i q u i d  f l u o r i n e  s p i l l  is 
r a p i d .  Maximum atmospheric  f l u o r i n e  concen t r a t ions  were not  h i g h  enough 
t o  -?use f l u o r i n e  i n t o x i c a t i o n  o f  r a t s  l o c a t e d  on ly  46 m (150 f t )  downwind 
from tkz s p i l l  s i t e .  These tests i n d i c a t e  t h a t  1 ,350 kg  (3000 lbm) o f  
l i q u i d  f l u o r i n e  can  d i s s i p a t e  w i t h  r e l a t i v e  ease and t h a t  t h e  p u b l i c  w i l l  
no t  be exposed to  f l u o r i d e  c o n c e n t r a t i o n s  exceeding e s t a b l i s h e d  threshold  
v a l c e s .  
t echn iques  bu t  a t  an add i t iona l '  cost  of o p e r a t i o n a l  time and money. 
The exposure can be  f u r t h e r  reduced by expanding t h e  n e u t r a l i z a t i o n  
I n  S h u t t l e  opera::ons t h e  development of a le i ik  i n  the pro- 
p e l l a n t  system of the  payload af ter  launch  must also be cons idered .  One 
s imple  remedy for  t h i s  s i t u a t i o n  would be t o  dump t h e  l i q u i d  f l u o r i n e  
overboard i n t o  t h e  up,'er atmosphere (Rcfs. 3-19 and 4-13). Recent con- 
cern h a s  been expressed  ove r  t h e  chemiz t ry  of p o l l u t a n t s  i n  t h e  upper 
atmosphere, p a r t i  Vtllarly w i t h  ozone. A t  these a l t i t u d e s  the  more e n e r g e t i c  
u l t r a v i o l e t  en( of t h e  spectrL-; has n o t  been screened  o u t .  
many photochemical r e a c t i o n s  no t  normally encountered take p lace .  How- 
e v e r ,  because of ,he low c o n c e n t r a t i o n s  involved  i n  a f l u o r i n e  dump, t h e  
p red ic t ed  e f f e z t  on reducing  ozone i n  t h e  xtratosrhere is ext remely  s m a l l ,  
and no adverse  environmental  impacts are p r e d i c t e d  for  t h e  iGn0Sphere 
should a dump occur  there (Ref. 4-13). 
Consequent ly ,  
F.5. CONCLUSfON 
The c u r r e n t  des ign  phi losophy is t o  b u i l d  a h e r m e t i c a l l y  
sealed c o n t a i n e r ,  which cannot  leak under any  of t h e  environments  a n t i -  
c i p a t e d ,  i n c l u d i n g  launch  loads,  thermal  environment ,  and a p o s s i b l e  
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APPENDIX G 
PROCEDURES FOR JPL EDWARDS TEST STATION "C" STAND 
C. 1. NORMAL OPERATIONS 
Normal o p e r a t i o n s  a t  the  ETS "CW Stand are designed t o  permit  
f i r m  scheduling of a c t i v i t i e s  with a 100% confidence tha t  people  s h a l l  
aot be exposed to  c o n c e n t r a t i o n s  greater than  t h e  TLV/HAC (Threshold 
Limi t  Value/Naximm Allowable h n c e n t r a t i o n s  for an eight-hour work day) 
o f  t he  t o x i c  e lements  released from the  engine  exhaus t  or the  v e n t i n g  
of p r e s s u r a n t s ,  as well as  with a 99.8% conf idence  t ha t  personnel  s h a l l  
n o t  be exposed to any t o x i c  concen t r a t ions .  Th i s  is insu red  by t h e  
use o f  a NaOH sc rubbe r  and/or  charcoal burn barrels as n e u t r a l i z i n g  
m e d i u m s .  The predaminant t o x i c a n t  gene ra t ed  and to  be n e u t r a l i z e d  
is gaseous (HF) hydrogen f l u o r i d e .  If a l l  released t o x i c a n t s  could  
be directed i n t o  one or t h e  other of t h e  o p e r a t i o n a l  n e u t r a l i z i n g  mediums, 
there would be no t e s t - c o n t r o l  c o n s i d e r a t i o n s  needed with r ePpec t  to  
wind cond i t ions .  This  would not  be practical no r  economical f o r  a l l  
p o t e n t i a l  f l u c r i n e  system element  failure modes. However, t h i s  technique  
u s i n g  2 fume-hood, w i l l  be on as many test s e t u p s  as practical t o  allow 
firm schedul ing  o f  the  f luo r ine - type  tests. 
A second method of t o x i c  release t r ea tmen t ,  a water f - 4  
s p r a y ,  is a v a i l a b l e  t o  q u i c k l y  reduce  t h e  a tmospher ic  t o x i c  c o n c e n t r a t i o n  
l e v e l s .  However, t h i s  i n v o l v e s  t h e  a d d i t i o n a l  handl ing  and c leanup 
due t o  t h e  r e s u l t a n t  l i q u i d  HF. This technique  i - e su l t s  i n  a l l  of t h e  
released f l u o r i n e  being qu ick ly  and l o c a l l y  converted i n t o  HF vapor  
or l i q u i d .  The l i q u i d  p o l l u t a n t  would 01 n e c e s s i t y  have t o  be kept  
from t h e  groundwater table and directed i n t o  le NaOH pool f o r  n e u t r a l -  
i z a t i o n .  Therefore, d r a i n a g e  and c o l l e c t i o n  p r o v i s i o n s  must be provided 
as a pa r t  o f  t h i s  tec!mique. T*is method is i n  service a t  "CW Stand ,  
b u t  the type o f  fog-spray n o z z l e s ,  a s  well a s  the  nozz le  l o c a t i o n s ,  
is being reana lyzed  f o r  p o s s i b l e  improvements i n  e f f i c i e n c y .  The trans- 
formation of f i u o r i n e  t o  gaseous HF a l s o  occurs n a t u r a l l y  i n  a tmospher ic  
a i r  due t o  h u n i d i t y  b u t  over  some more l eng thy  time i n t e r v a l  and consequent ly  
ove r  greater d i s t a n c e s .  
I n  any planned tes t  or o p e r a t i o n  where t h e  movement of 
f l u o r i n e  is involved ,  the  NaOH sc rubbe r  w i l l  be  o p e r a t i n g ,  and a preplanned 
audio  page w i l l  precede any f l u o r i n e  o p e r a t i o n .  
Tests or o p e r a t i o n s  w i t h  f l u o r i n e  a t  "C" Stand w i l l  be 
conducted under the  fo l lowing  weather cond i t ions :  
A t  any time when s a t i s f y i n g  any of t h e  i t e m  below: 
( 1  ) Wind - D u r i n g  r e g u l a r  s t a t i o n  work'ng hours ,  i n c l u d i n g  
any scheduled  over t ime 
0.4 d s  ( 1  a p t )  or greater ( d e f i n a b l e  wind) 
c-1 
From any d i r e c t i o n  where a l l  n o n r e l a t e d  personnel  
can  be c l e a r e d  from t h e  downwind area w i t h i n  t h e  
ETS f a c i l i t y ,  and 
Breathing a i r  a v a i l a b l e  i n  q u a n t i t y  i n  t h e  c o n t r o l  
c e n t e r  to  permit movement o f  personnel  t o  a safe area. 
(2) Wind - During a l l  hours  other  than  r e g u l a r  scheduled 
working hours 
Any wind c o n d i t i o n  i n c l u d i n g  z e r o  v e l o c i t y  
Insu re ’  t o x i c  c o n c e n t r a t i o n s  i n  any u n r e l a t e d  and 
occupied area I 3 ppm, and 
Brea th ing  a i r  a v a i l a b l e  i n  q u a n t i t y  i n  t h e  c o n t r o l  
c e n t e r  t o  permi t  movement o f  personnel  t o  a safe area. 
( 3 )  Temperature w i t h  < 0.4  m / s  ( 1  mph) wind ( i n c l u d i n g  
z e r o  v e l o c i t y )  
I n s o l a t i o n  o f  -0.6OC (-1OF) or greater (meaning a 
larger n e g a t i v e  n.mber) .  
as  t h e  d i f f e r e n c e  between a tempera ture  measured a t  
16 m (54 f t )  above ground l e v e l  and a t  2 m ( 6  f t )  
above ground l e v e l  and e x p r e s s e s  the  thermal r ise  
character is t ics  of t h e  near-ground a i r  
Insu re ’  t o x i c  c o n c e n t r a t i o n s  i n  any u n r e l a t e d  and 
occcpied area I 3 ppm, and 
T h i s  tempera ture  is  d e f i n e d  
Brea th ing  a i r  a v a i l a b l e  i n  q u a n t i t y  i n  t h e  c o n t r o l  
c e n t e r  t o  permit  movement of personnel  t o  a safe area. 
G.2. EMERGENCY OPERATIONS 
There are p o s s i b l e  s i t u a t i o n s  which do n o t  come under t h e  
d e f i n i t i o n  of  normal o p e r a t i o n s  t h a t  must be cons ide red .  These are 
a consequence o f  c e r t a i n  f a c i l i t y  or tes t -e lement  f a i l u r e s  which could 
r e s u l t  i n  a free release o f  l i q u i d  o r  gaseous f l u o r i n e  and should be 
considered as unuscal o r  emergency s i t u a t i o n s .  It is emphasized t h a t  
t h e  c o n t r o l l i n g  factor For these emergency s i t u a t i o n s  is  t h a t  no person 
w i l l  be s u b j e c t e d  to t o x i c  c o n c e n t r a t i m s  greater than  t h e  HF, 10 minute  
EEL (Emergency Exposure L i m i t )  = 20 ppm. 
’Concurrence by t h e  ETS S e c t i o n  S a f e t y  Representa t ive  i s  requ i r ed  f o r  
t h i s  condicior?. 
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Note: Any personnel  d e t e c t i n g  a strong f l u o r i n e  odor  should  
immediately move crosswind and t o  an  area away from 
t h e  source p o i n t ,  "CN Stand ,  as  q u i c k l y  as  p o s s i b l e .  
They should first r e p o r t  t h e  d e t e c t i o n  t o  the  PBX 
o p e r a t o r  immediately a f t e r  l e a v i n g  the area, second ly  
go t o  first a i d ,  and t h i r d l y  r e p o r t  t o  t5eir  s u p e r v i s o r s .  
"C" Stand personnel  w i l l  immediateiy c o n t a c t  cogn izan t  
s a f e t y  personnel ,  and f u r t h e r  in format ion  w i l l  be 
t r a n s m i t t e d  to t h e  PBX o p e r a t o r  so t ha t  a preylanned 
aud io  page can  be made. 
Emergency Procedures  for Regular Working Hours : 
( 1 )  Discovery of a large p r o p e l l a n t  leak d u r i n g  a pe r iod  
of i n a c t i v i t y  (Liquid  s p i l l  o r  gross gas discharge 
w i l l  a c t i v a t e  water de luge  sys tems on f l u o r i n e  propel -  
l a n t  t anks  i f  these areas are involved . ) :  
If poss ib le ,  t h e  following two s t e p s  should  be performed 
c o n c u r r e n t l y  by two people: 
Move a l l  personnel  i n  t he  immediate area t o  
a crosswind and/or  upwind l o c a t i o n  as fas t  
as p o s s i b l e .  If s m e o n e  i n  a c o n c e n t r a t i o n  
o f  p r o p e l l a n t  vapors  needs  a s s i s t a n c e ,  use 
a S c o t t  Pack, and 
Actua te  t he  " S t a t i o n  Emergency Alarm" by d i a l i n g  
115 and g i v e  t h e  fo l lowing  page informat ion:  
"There is a p r o p e l l a n t  s p i l l  a t  C-Stand. A l l  
personnel  evacuate  t o  an area upwind o f  C-Stand. 
The wind is from t h e  Q m / s  (mph). 
Not i fy  t h e  cognizant  t e c h n i c a l  person of the s i t u a t i o n ;  
he w i l l  direct  f u r t h e r  a c t i o n .  
Neither emergency, s a f e t y ,  no r  maintenance personnel  
w i l l  e n t e r  t he  s t and  area u n l e s s  d i r e c t e d  t o  do so 
by t h e  cognizant  t e c h n i c a l  person i n  charge o f  t h e  
emergency o p e r a t i o n s .  If i t  becomes necessa ry  f o r  
other personnel  t o  e n t e r  the starid area, they  w i l l  ac t  
o n l y  . s d i r ec t ed  by t h e  cogn izan t  t e c h n i c a l  person 
i n  charge .  
Personnel  who have beta exposed t o  chemicals w i l l  
be treated i n  accordance w i t h  t h e  attached first- 
a i d  procedures  a s  qu ick ly  a s  p o s s i b l e .  
( 2 )  Discovery of a small p r o p e l l a n t  l e a k  d u r i n g  per iod  
of  i n a c t i v i t y  ( F i t t i n g  seepage ,  e t c . )  : 
G.2.2. 
Ferform s t e p s  under C.2.1.(1) above. The judgment o f  
t h e  exposed p e r s m  and t h e  f i r s t - a i d  man w i l l  determine 
t h e  e x t e n t  o f  f i r s t - a id  t r e a t m e n t .  
(3) Discovery o f  a p r o p e l l a n t  leak d u r i n g  p r o p e l l a n t  
flow o p e r a t i o n s :  
Emergency c o n t r o l  c i r c u i t s  and l ink-wire  a larm systems 
are a u t o m a t i c a l l y  f u n c t i o n a l  for t h e  f l u o r i n e  systems. 
Approved emergency procedures  are immediately a v a i l a b l e  
f o r  use by the cognizant  person i n  charge  i n  t h e  
even t  of an emergency. 
Emergency Procedures fo r  Other  t han  Normal Working Hours: 
(1)  If a n  emergency s i t u a t i o n  is a p p a r e n t ,  perform t h e  
fo l lowing :  
Move a l l  personnel  upwind and away from any 
t o x i c  vapors  
Contact  cognizant  t e c h n i c a l  pe r sonne l ,  and 
I n  no i n s t a n c e  w i l l  aqyone a t t empt  t o  e x t i n g u i s h  
a f i r e  or  determine t h e  c a m e  of fumes u n t i l  
c o g n i z m t  t e c h n i c a l  personnel  a r e  p r e s e n t  t o  
d i rec t  t h e  o p e r z t i o n .  
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